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Tertiary sediments of the Big Hole Valley and Pioneer Mountains, southwestern 
Montana: Age, Provenance, and Tectonic Implications 
 
Committee Chair:  James Sears 
 
 
Tertiary terrestrial sedimentary rocks of the Big Hole basin and Pioneer Mountains of 
southwestern Montana provide a record of regional extensional tectonism.  Detailed 
observations of stratigraphy and sedimentology at widely scattered outcrops indicate the 
presence of paleosols, fine-grained debris flows, small alluvial channels, and rare fluvial 
deposits.  U-Pb geochronology of detrital zircons and air-fall tuffs indicates the presence 
of Oligocene to Middle Miocene sedimentary rocks outcropping at the surface.  Though 
the presence of detrital muscovite in several outcrops indicates derivation from the 
nearby 2-mica Chief Joseph pluton, a predicted ~75 Ma zircon population is not present: 
instead, a persistent peak of 70-72 Ma zircons is found throughout the basin, indicating 
the Chief Joseph pluton may have a younger emplacement age than is currently 
recognized.  Simple physical models developed from Bouguer anomalies indicate the 
basin deepens and widens toward the south, which agrees with prior work suggesting 
Eocene initiation of extension in the Big Hole and places it in a class of extensional 
basins that formed in the early Tertiary.  Late Cretaceous, Eocene, and Mesoproterozoic 
detrital zircon populations, along with consistently immature lithic sands, all indicate 
sediments were derived from local bedrock sources found around the rim of the modern 
Big Hole Valley.  While these results indicate the Tertiary Big Hole basin resembled the 
modern basin, some later deformation may have cut off and reversed a paleodrainage 
flowing out of the southeastern portion of the basin, possibly leading to the modern 
configuration of the Big Hole River and the deep gorge it carves across the eastern 
Pioneer Mountains. 
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INTRODUCTION 
Cenozoic extensional tectonism in the northern Rockies of the United States 
(defined here as north of the Snake River Plain and south of the Canadian border) has 
resulted in north-south trending Basin and Range-style structures and topography 
analogous to features found in Nevada, southern Idaho, and western Utah (Figure 1.1) 
(Pardee, 1950; Fields et al., 1985).  Basin and Range extension overprinted and was 
partially controlled by pre-existing Sevier-style compressional structures inherited from 
the late Mesozoic and early Cenozoic (Constenius, 1996).  In southwestern Montana and 
east-central Idaho, Cenozoic rocks appear to record multiple episodes and orientations of 
extension (Fields et al., 1985; VanDenburg et al, 1998; Janecke et al., 2001).   
 
 
 
 
Figure 1.1. Selected Tertiary basins in western Montana and eastern Idaho.  For this 
study, the Big Hole Valley (24) and French Gulch basin (23) are regarded together as 
the Big Hole basin.  Figure modified from Constenius (1996). 
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The Big Hole basin of southwestern Montana is an approximately north-south 
trending extensional basin filled with nearly 5000m of mostly undeformed Cenozoic 
sediment (Figure 1.2) (Fritz et al., 1985; Hanneman and Nichols, 1981).  The Cenozoic 
tectonic and sedimentologic history of the Big Hole and its relation to adjacent basins, if 
any, is poorly understood due to the paucity of outcrops and relatively flat (unincised) 
valley floor.  In adjacent basins, sedimentology, stratigraphy, fossil dating, structural 
geology, ash-tuff geochronology, and detrital zircon geochronology have been used to 
date sediments, recreate paleogeography, and bracket episodes of extensional 
deformation in southwestern Montana and eastern Idaho (e.g. Link et al, 2004; 
VanDenburg and Janecke, 1998; Stroup, 2008). 
 
Regional Setting: 50-20 Ma Volcanism and Metamorphic Core Complexes 
Early Cenozoic extension in the northern Rockies immediately post-dates middle 
Eocene Challis-Absaroka volcanism and is exhibited by late Eocene to early Miocene 
syn-extensional basin fill in eastern Idaho and southwestern Montana (e.g. Janecke, 1994; 
Janecke and Blankenau, 2003) and late Paleocene to Eocene initiation of metamorphic 
core complexes (MCCs) in western Montana (e.g. O’Neill et al., 2004; Foster and 
Fanning, 1997).  This Eocene to Oligocene pulse of extension appears to have been 
dominantly oriented east-west to northeast-southwest and limited to a fairly narrow (~100 
km) north-south trending belt in the Sevier hinterland (Figure 1.3) (Janecke, 1994).  
Because of its limited spatial extent, it is distinct from subsequent widespread Basin and 
Range-style extension. 
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Regional Setting: 50-20 Ma 
Figure 1.2. Geography of the Northern Rocky Mountains, the Big Hole valley, and its 
surrounding mountains.  The Big Hole valley floor is around 6000 feet elevation and 
the surroundi  mountains reach as high as 10,000 feet.  The heavy line on the left 
side of the bottom figure is the Idaho-Montana border. 
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Gravitational collapse of the over-thickened and hot Sevier hinterland is often 
cited as a likely mechanism initiating Eocene extension in the northern Rockies (Dewey, 
1988; Constenius, 1996).  Some evidence of extension during the Sevier Orogeny (i.e., 
syn-contractional extension) in the Cretaceous and Paleocene Sevier hinterland of Utah 
and Montana supports the hypothesis that the Sevier hinterland was already 
gravitationally collapsing under its own weight prior to the cessation of thrusting (e.g. 
Hodges and Walker, 1992; Lonn et al., 2003).  Additionally, late Paleocene-Eocene 
MCCs in the northern Rockies developed along the hinterland of the Sevier fold-and-
Figure 1.3.  The “zone of 
extension” between the heavy 
black lines hypothesized by 
Janecke (1994).  BHB stands for 
Big Hole Basin.  Note the 
boundary between the “Renova 
Basin” and the zone of extension.  
Contrast this with Figure 1.4.  
Figure modified from Janecke 
(1994). 
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thrust belt where crustal thickening, and gravitational potential energy, was presumably 
greatest (Janecke, 1994; Constenius, 1996). 
Syntectonic sediments in these early basins (variously referred to as the Medicine 
Lodge beds or Cabbage Patch beds: Rasmussen and Prothero, 2003; Hodges, 2006) 
include tuffaceous and calcareous muds, silts, sands, conglomerates, and some 
megabreccias deposited in alluvial, fluvial, and lacustrine settings.  Sand, gravel, and 
detrital zircon provenance indicate derivation from local (intra-basin) sources and there is 
no evidence of fluvial systems connecting basins along the axis of extension and 
transporting sediment from one basin to another (i.e., along a north-south axis: Stroup, 
2008; Janecke, 1994; Janecke, 1995; Hodges, 2006). 
East of the recognized zone of extension was a basin (or basins) in which 
tuffaceous muds, silts, and sands of the Renova Formation were deposited (Kuenzi and 
Fields, 1971; Fritz et al., 2007).  Fritz et al. (2007) describe four lithostratigraphic 
members (in ascending stratigraphic order): (1) the basal Sage Creek member containing 
yellow sandy “grits” and mudstones; (2) the Climbing Arrow member consisting of 
yellow and orange mudstones derived from tuffaceous material (Kuenzi and Fields, 
1971); (3) the Dunbar Creek member featuring tuffaceous “grit” sands, pebble 
conglomerate, and a general westward-coarsening trend; and (4) the Passamari member 
consisting of laminated fossiliferous limestones. 
Several authors suggest the Renova Formation was deposited in a large, east-
flowing, sheet-like fan of fluvial and alluvial detritus that was subsequently dismembered 
by uplift and faulting (Thompson et al., 1981; Fritz and Sears, 1993; Janecke, 1994; 
Thomas, 1995), which Fritz et al. (2007) term the “Renova Basin” (Figure 1.4).  Key to 
 6
this hypothesis is the distribution of texturally immature “2-mica” sands containing 
detrital grains of muscovite and biotite.  Major sources of 2-mica granites exist in the 
Anaconda and the Flint Creek mountain ranges, which comprise the footwall of the 
Eocene Anaconda MCC (Stroup, 2008; O’Neill et al., 2004).  While other muscovite 
sources exist in the form of Archean basement, metamorphosed Mesoproterozoic 
metasediments, and small plutons, paleoflow indicators and limited 40Ar/39Ar dating of 
detrital muscovites point toward the large Chief Joseph granite found in the Anaconda 
Range (Thomas, 1995; Janecke et al., 2005).  In the Big Hole and the “Renova Basin” to 
the east, Thomas (1995) documents consistently east-directed paleoflow indicators and an 
eastward-fining in Oligocene(?) 2-mica sands, suggesting a broad flat surface spreading 
sediments east from the 2-mica Chief Joseph pluton in the Anaconda Range.  However, 
recent analysis of clast provenance and paleoflow indicators, and direct observations of 
paleotopography buried by the Renova Formation, indicate the proposed “Renova Basin” 
had significant paleorelief which was possibly inherited from Laramide and Sevier 
structures (Lielke, 2008).  Additionally, Fritz et al. (2007) and Janecke (1994) differ in 
where they place the eastern edge of Eocene-Oligocene extension, the former placing the 
Big Hole in the Renova Basin and the latter placing it within the zone of Eocene-
Oligocene extension. 
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Regional Setting: 17-0 Ma Basin and Range and Yellowstone’s Birth 
A regionally recognized unconformity (in some instances an angular 
unconformity) at 17-20 Ma, and subsequent change in sedimentary style to the generally 
coarser-grained alluvial and fluvial deposits of the Sixmile Creek Formation, may 
indicate the beginning of widespread Basin and Range extension in the northern Rockies 
(Fritz and Sears, 1993).  Numerous authors have noted the presence of weathered flat 
surfaces and fine-grained Renova Formation sediments atop some modern mountain 
ranges (e.g. Thompson et al., 1981; Wolfe, 1964; Pardee, 1950), providing a datum with 
which to evaluate tectonic disruption by “post-Renova” deformation.  Parts of the 
Sixmile Creek Formation (and equivalents) have a different provenance from units 
below.  For example, M’Gonigle and Dalrymple (1993) note the presence of gneiss clasts 
in Middle Miocene (Sixmile Creek equivalent) gravels of the Horse Prairie and Medicine 
Figure 1.4.  Tectonic 
setting for the 
hypothesized “Renova 
Basin” by Fritz et al. 
(2007).  Note that they 
place the western 
boundary of this basin 
further west than 
Janecke (1994) (see 
Figure 1.3), suggesting 
the Big Hole was 
originally part of the 
larger “Renova Basin”.  
Figure modified from 
Fritz et al. (2007). 
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Lodge basins.  Despite the presence of Archean gneiss in mountains immediately 
adjacent to these basins, the absence of gneiss clasts below the unconformity suggests 
uplift and erosion of Archean gneiss and disruption of the basin(s) during the 
unconformity. 
Fritz and Sears (1993) divide the Sixmile Creek Formation in to three 
lithostratigraphic units based on work in the Ruby and Blacktail grabens (summarized in 
Fritz et al., 2007): (1) the basal Sweetwater Creek member contains matrix-supported 
gravels, cobbles, and boulders of apparent debris flows; (2) the middle Anderson Creek 
member contains numerous fluvially-reworked tephras from Miocene calderas of the 
Snake River Plain; and (3) the upper Big Hole River member consists of clast-supported 
gravels and cobbles, some of which have apparently exotic, distal origins in central 
Idaho. 
The record of early Cenozoic extension in the northern Rockies is complicated by 
overprinting tectonic and sedimentary effects of the putative Yellowstone mantle plume, 
which has moved toward southwestern Montana since its outbreak around 17 Ma leaving 
the Snake River Plain in its wake.  Yellowstone’s movement relative to North America 
likely changed both the magnitude and orientation of extensional stresses in southwestern 
Montana from 16 Ma to the present.  Models concerning the outbreak of hotspots suggest 
the upwelling plume impinges on the crust, creating a large thermal dome of up to 1000 
km in diameter (Cox, 1989; Rainbird and Ernst, 2001).  The southwestern edge of 
Montana is approximately 500 km from the area generally recognized as Yellowstone’s 
birthplace (the Idaho-Nevada-Oregon border junction), which is conceivably close 
enough to be under the influence of any large crustal bulge preceding the birth of a 
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hotspot.  The northeast-trending Middle Miocene Ruby and Beaverhead grabens of 
southwestern Montana are oriented 90° to the structural trend of the thrust belt and early 
Cenozoic extensional features and, along with the widely-recognized regional angular 
unconformity, have been explicitly related to the birth of Yellowstone (Sears and Fritz, 
1998). 
However, the Yellowstone mantle plume model does not fully align with geologic 
and geophysical evidence for a deep-seated mantle plume (e.g. Saltzer and Humphreys, 
1997; Hooper et al., 2007 and comments therein) and the general plume model is actively 
debated (e.g. Foulger et al., 2005; Foulger and Jurdy, 2007).  Without a clearly 
recognized underpinning mechanism, Yellowstone’s regional tectonic influence at 20-16 
Ma is difficult to differentiate from other possible extensional mechanisms.  Even 
assuming a traditional mantle plume model, the applicability of the “large thermal dome” 
model is likely complicated by the differing compositions and rheologies of accreted 
Mesozoic terranes of Oregon, Idaho, and Nevada as well as southwestern Montana’s 
position at the edge of the Archean “Wyoming craton”. 
Yellowstone’s regional tectonic influence after its 16 Ma outbreak is also unclear.  
Anders et al. (1989) interpret a parabolic “wake”-shaped distribution of seismicity and 
high topography symmetric about the Snake River Plain stemming from the interplay 
between the lithosphere and the presumed mantle plume beneath Yellowstone.  This 
could arguably provide a benchmark for the tectonic reach of post-16 Ma Yellowstone 
and suggests that Yellowstone’s tectonic effects (post-outbreak) in southwestern Montana 
were negligible until the eastern head of the parabola neared southwestern Montana at the 
start of the Quaternary.   
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In contrast, Payne et al. (2008) use GPS data and Quaternary faults to interpret 
crustal rotation clockwise in central and southern Idaho about a pole situated 
approximately in east-central Idaho.  Significantly, Payne et al. (2008) attribute observed 
motions to variable crustal strength under the influence of a non-Yellowstone (i.e. Basin 
and Range) stress field found in Idaho north of the Snake River Plain.  Even adjacent to 
the modern Yellowstone caldera, the interplay between its stress field and the larger 
Basin and Range stress field is debatable (Stickney and Bartholomew, 1989; Waite and 
Smith, 2004).   
 
The Big Hole Basin 
The modern Big Hole Valley is surrounded by mountains of the Anaconda Range 
to the northwest, the Beaverhead Range to the southwest, and the Pioneer Mountains to 
the east, all of which contain peaks reaching well above 3000m (9840ft) (Figure 1.5).  
The modern continental divide bounds the western edge of the Big Hole, defined by the 
high peaks of the Beaverhead and Anaconda ranges.  All these mountain ranges 
experienced Quaternary glaciation which incised the high terrain and obscured valley 
bottoms and topographic lows with glacial sediments. 
Geologic units are summarized in Figure 1.6.  Rocks exposed in the Beaverhead 
Range are mostly quartzites and argillites of the Mesoproterozoic Lemhi Group with 
some small intrusions of Late Cretaceous granodiorites related to the Idaho Batholith 
(Lopez et al., 2005; Lopez et al., 2006).  The presence of a mylonitized fault zone 
juxtaposing metamorphosed and brittly-deformed rocks in the Beaverheads has been 
 11
cited by O’Neill et al. (2005) as evidence of a “Chief Joseph” MCC, though there are 
multiple other differing interpretations (Lonn et al., 2008 and references therein). 
The Anaconda Range hosts the Late Cretaceous 2-mica granite (i.e. containing 
both biotite and muscovite) of the Chief Joseph pluton in addition to smaller areas of 
intruded Mesoproterozoic metasediments and other small plutons.  The Chief Joseph 
pluton produces Paleocene and Eocene K-Ar and 40Ar/39Ar dates (Desmarais, 1983) 
which may be evidence of Early Tertiary unroofing related to the recently-described and 
poorly mapped Eocene-Oligocene Anaconda MCC (O’Neill et al., 2004).   
The Big Hole Valley forms a crescent around the Pioneer Mountains bounding the 
valley’s eastern side; north-flowing Wise River and south-flowing Grasshopper Creek 
Figure 1.5.  Geographic overview of the Big Hole Valley.  Yellow lines are major 
roads.  Black dots are towns. 
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roughly divide the Pioneers in to East and West (Figure 1.5).  The West Pioneers host 
large intrusions of biotite-rich Late Cretaceous granodiorites intruded in to largely 
Mesoproterozoic metasediments (Ruppel et al., 1993).  The East Pioneers host rocks 
similar to those in the West Pioneers in addition to folded, thrusted, and intruded 
Mesozoic and Paleozoic sedimentary rocks, occasional Cenozoic volcanic flows of 
various compositions and ages, Tertiary sediments in a ~1km-wide north-south trending 
extensional graben (the “Wise River graben”), and small 2-mica granitic plutons (Zen, 
1988; Pearson and Zen, 1985).   
Though at least 4850m deep, poorly-dated Big Hole sediments outcrop sparsely 
and expose only the upper 200m of basin fill (Fields et al., 1985; Hanneman and Nichols, 
1981), producing mostly Oligocene and Early Miocene fossils.  A volcanic flow in the 
basin has been dated at or just below the regionally-recognized 17-20 Ma Middle 
Miocene unconformity (Fritz et al., 2007).  Hanneman and Nichols (1981) reported 
probable post-unconformity Miocene fossils (late Hemingfordian or early Barstovian 
North American Mammal Land Ages (NAMLA)) in the eastern part of the basin and a 
single pre-unconformity Oligocene tooth fragment from the Chalk Bluff outcrop in the 
northern part of the basin.  However, it is possible the Oligocene tooth fragment may 
have been recycled from older sediments, compounding the problem of age-
determination.  Additional Barstovian and Arikareean fossil fragments were found in the 
same outcrops in the central Big Hole north of the town of Wisdom (R. Nichols, pers. 
comm., 2009), but these fossils lack stratigraphic context as they were weathered out of 
outcrop.  Their NAMLA ages come from both above and below the regional 
unconformity and their coincidence together suggests recycling, faulting, or the presence 
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of a significant unconformity in these outcrops.  In the Pioneer Mountains, sediments of 
the Wise River graben are flat-lying buff-colored clays, silts, sands, and tuffs, with 
interbedded granite and Mesoproterozoic quartzite boulders and cobbles (Zen, 1988; 
Pearson and Zen, 1985; Calbeck, 1975).  A tentative Oligocene age of 27.0 ± 1.3 Ma 
exists for the Wise River graben based on zircon fission track from a bedded tuff (E. Zen, 
pers. comm., 2009; Pearson and Zen, 1985).  
Fitting the paleogeography of the Big Hole basin and Pioneer Mountains to 
extensional tectonic models is problematic as little is known about the basin subsurface, 
age of basin fill, possible paleogeographic connections to other basins, and southward 
extent of the Anaconda MCC and its associated structures.  The structural underpinnings 
of the Big Hole are unknown.  Doughty and Sheriff (1992) relate the opening of the Big 
Hole as a geometric result of post-Middle Eocene clockwise rotation of the “Skalkaho 
slab”, a rigid allochthon containing the Anaconda, Sapphire, Cabin John, and Flint Creek 
ranges north and west of the Big Hole.  Since the Anaconda MCC encompasses the 
Anaconda and Flint Creek ranges and was not described until 2004, it is uncertain how 
this development affects the interpretation of Doughty and Sheriff (1992).   
Over 100 miles of two-dimensional seismic data exist for the Big Hole but are 
unpublished and, for this study, too costly to obtain.  An east-dipping listric fault has 
been interpreted beneath the Big Hole by at least one review of the seismic data (S. 
Sheriff, pers. comm., 2010).  The possibility that the Anaconda MCC extends south along 
the western edge of the Big Hole suggests the presence of a top-to-the-east detachment 
fault similar to the one that unroofed the Anaconda MCC further north (e.g. the Deer 
Lodge Valley: McLeod, 1987; O’Neill et al., 2004).  In the northern half of the Big Hole, 
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Kittrell (1978) interprets both V-shaped and U-shaped basin floors from Bouguer 
anomalies in three cross-sections across the valley.  However, because of the small size 
this study, locations of the survey lines and density calculations are unknown.  This study 
was also before density data of valley-fill was known from two exploration wells. 
Observations of widespread east-directed fluvial transport of 2-mica sands 
(Thomas, 1995) and related inferences about low topography conflict with evidence of 
Oligocene paleotopographic relief in the Pioneer Mountains.  In modern times, the 
seismically quiescent (M. Stickney, personal comm. 2008) and relatively undeformed Big 
Hole basin is situated outside of both Anders et al.'s (1989) parabola and the modern 
seismicity of the Intermountain Seismic Belt.  However, Vuke (2004) sees Late Miocene 
to Pliocene evidence for drainage reversals within the east-west Big Hole gorge flowing 
through the Pioneer Mountains, suggesting recent (presumably Yellowstone-influenced) 
tectonic tilting.  Additionally, observations in the Pioneer Mountains suggest recent uplift 
in the form of (1) the incised, non-glacial, Big Hole River which carves a steep gorge 
orthogonal to the vertically-tilted structural grain of the eastern Pioneer Mountains 
(between Wise River and Divide; Figure 2.5) and (2) the presence of west-tilted flat 
erosional(?) surfaces found in the high, recently-glaciated eastern Pioneer Mountains 
(e.g., Vipond Park; Zen, 1988). 
However, immediately east of the Pioneer Mountains, Vuke (2004) also infers 
sufficient relief extant in the Oligocene to Early Miocene ancestral Pioneer Mountains to 
shed angular, lithologically-distinct clasts in to coeval sediments of the Divide Valley.  In 
the Wise River and Big Hole valleys through the Pioneers, Fraser and Waldrop (1972) 
note several rhyodacite lava flows and deposits evincing 1,600 feet of topographic relief.  
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They assign these volcanics to the Eocene Lowland Creek volcanic field based on 
compositional similarities, though rhyolitic volcanism is known to have occurred nearby 
after the Middle Miocene unconformity (Fritz et al., 2007).  Similarly, Iagmin (1972) 
mapped two volcanic suites, tentatively part of the Eocene Lowland Creek field, at the 
Continental Divide north of the Big Hole valley and found 1,000 feet of pre-volcanic 
relief and 800 feet of relief between the two suites.  Last, the existence of locally-derived 
bouldery deposits in the Oligocene(?) Wise River graben suggests some local relief 
extant at the time of deposition.  All these lines of evidence suggest substantial 
Figure 1.6.  Cartoon of significant geologic units in southwestern Montana and eastern 
Idaho, emphasizing potential detrital zircon sources.  BH – Big Hole basin; CJP – Chief 
Joseph pluton (potential source of 2-mica sands); WP – West Pioneers; EP – East 
Pioneers.  Geology modified from Ruppel et al. (1993) and from figures in Stroup (2008), 
Link et al. (2004), and Link et al. (2007). 
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topographic relief extant as early as the Oligocene.  Less clear is whether this apparent 
relief indicates elevated paleotopography similar to modern high topography. 
The Big Hole basin is proximal to all of the sediment sources (highlands) 
proposed major extensional models—e.g. at the western edge of the “Renova Basin” 
(Fritz et al., 2007; Thomas, 1995) versus lying within Janecke’s (1994) “zone of 
extension”—and is a useful location to test these models.  Key to understanding the 
depositional and tectonic setting is determining whether the Pioneer Mountains were a 
topographic barrier in the Early Tertiary (Oligocene or earlier) or were uplifted later.  
Additionally, the Big Hole’s location between the Anaconda MCC and Pioneer 
Mountains means that paleodrainages can be more directly inferred using sedimentary 
provenance and possible linkages made between the Medicine Lodge, Cabbage Patch, 
and Renova units.  
 
Sediment and Zircon Sources 
Numerous basement uplifts, volcanic rocks, granitic intrusives, and Paleozoic and 
Mesozoic sedimentary rocks near the Big Hole basin provide distinct zircon populations 
and lithologies for provenance analysis (Figure 1.6).  Literature on K-Ar and 40Ar/39Ar 
dates of intrusives, volcanic rocks, and tuffs is much more complete than high-resolution 
zircon U-Pb geochronology.  This complicates provenance as zircons have a higher 
closure temperature than K-bearing minerals, which may record cooling dates rather than 
emplacement dates.  For this study, Late Cretaceous-Eocene plutonic sources fringing the 
Big Hole Valley are important provenance indicators.  Along the northwestern valley 
margin, the Chief Joseph pluton in the footwall of the Anaconda MCC contains the 2-
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mica Chief Joseph pluton with lesser amounts of greenschist to amphibolite-grade 
metamorphic rocks, mylonite, and heavily metamorphosed and intruded Mesoproterozoic 
metasediments (Foster et al, 2010; Grice, 2006).  Immediately north of the Big Hole in 
the footwall of the Anaconda MCC, U-Pb zircon dating of a granodiorite produces 
weighted mean ages of 74.6 ± 0.8 Ma and 75.0 ± 0.8 Ma respectively in a granodiorite 
and diorite sill (Grice, 2006); Grice et al. (2005) also note the presence of an Eocene 
pluton (47.1 ± 0.14 Ma).  Along the western edge of the Big Hole, Stroup (2008) 
performed U-Pb geochronology on zircons collected from modern 2-mica stream 
sediments, interpreting a peak at 75 Ma to reflect the primary age of emplacement of the 
Chief Joseph pluton, though the full population (n = 35) is spread between 50 and 77 Ma.  
However, Stroup (2008) predicts a similar 75 Ma peak in 2-mica sands found in the 
Renova Formation and equivalents in southwestern Montana. 
To the east, the West Pioneers are almost entirely Mesoproterozoic quartzites of 
the Missoula Formation (Belt Supergroup) intruded by Late Cretaceous to Paleocene 
granitic rocks (Zen, 1988).  The East Pioneers have similar rocks with the addition of an 
early Paleozoic to late Mesozoic sedimentary package and scattered Eocene to Miocene 
volcanic flows (Zen, 1988).  Nothing is known about the detrital zircon population of 
Mesozoic and Paleozoic sediments in the East Pioneers, with the exception of Zartman et 
al. (1995) who note the presence of ~96 Ma zircons in a Middle Cretaceous tuff bed.  
Additionally, three Early Ordovician detrital zircons found in the Renova Formation 
southeast of the Pioneers hint that Paleozoic and Mesozoic sediments may contain 
Paleozoic zircons (pers. comm., K. Lielke, 2009).  Two of the largest Late Cretaceous 
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granodiorite bodies found in the Pioneers produce zircons with weighted mean U-Pb ages 
of 72.2 ± 0.57 (n=11) Ma and 72.17 ± 1.7 Ma (n=5) (Murphy, 2000).   
While plutons in the Pioneers appear to be 3 m.y. younger than the putative ~75 
Ma age of the Chief Joseph pluton, it should be noted that all age determinations were 
made with fairly small samples; additionally, most samples were slightly discordant and 
older dates (up to 5 m.y.) were excluded when weighing average ages.  Because of the 
uncertain and possibly overlapping geochronology of plutons along the periphery of the 
Big Hole, differentiating a “Pioneer signal” from a “Chief Joseph signal” in Big Hole 
sediments is assisted by the presence or absence of muscovite: very little exists in the 
Pioneers while much more is found in the Chief Joseph pluton. 
Along the southwestern and southern edge of the Big Hole, the Beaverhead 
Mountains contain thick assemblages of Mesoproterozoic Lemhi Group metasediments 
intruded by some Late Cretaceous to possibly Eocene plutons (K-Ar and 40Ar/39Ar ages: 
Desmarais, 1983; Lopez et al., 2005; Ruppel et al., 1993).  Link and Fanning (2003) 
describe zircons in the Mesoproterozoic formations of central Idaho that are similar to the 
Upper Belt (Missoula Group) which outcrops in the Pioneer Mountains and Anaconda 
Range.  Because of the similar zircon age spectra from these Mesoproterozoic formations 
ringing the Big Hole (Link et al., 2007), difficulty identifying heavily metamorphosed 
metasediments exposed in the West Pioneers and Anaconda Range, and many possible 
drainage configurations suggested by their weathered products, Mesoproterozoic and 
older ages are largely ignored in detrital zircons as a provenance indicator in this study. 
In eastern and central Idaho, different phases of the Idaho Batholith and Challis 
volcanic systems have zircons of ranging from Middle Cretaceous (~100 Ma) to Eocene 
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(as young as 43 Ma), with some inherited Paleoproterozoic zircons are also present 
(Gaschnig, 2009; Foster and Fanning, 2006).  The Idaho Batholith generally “youngs” to 
the east, with ~100 Ma ages near Boise and ~55 Ma dates toward the Montana border 
(Gaschnig, 2009).   
Gashnig et al. (2009) describes intrusives related to the Eocene Challis volcanic 
system in central Idaho as producing zircon U-Pb ages of 43 to 51 Ma.  Similarly, 
Beranek et al. (2006) suggest from detrital evidence that Challis volcanics and intrusives 
produce zircon U-Pb ages between 42 and 52 Ma.  Some Challis-related intrusives and 
volcanics are found at the western fringes of the Big Hole (Lopez et al., 2005) and may 
be faulted in to the bottom of the basin (Fields et al., 1985). 
Another Eocene volcanic system, the Lowland Creek field, crops out on the 
northern edge of the Big Hole along the continental divide and in scattered outcrops in 
the far northern Pioneers.  No U-Pb work has been performed on the Lowland Creek 
volcanics but 40Ar/39Ar dates indicate it was active from 48.5 to at least 52.7 Ma and 
possibly as early as 53.2 Ma (Ispolatov, 1997).  Within uncertainty, this suggests the 
Lowland Creek volcanics are slightly older than the Challis (Ispolatov, 1997). 
To the east of the Big Hole, basement uplifts (e.g., the Gravelly Range, Tobacco 
Root Mountains, Highland Mountains, Ruby Range, etc.) expose Archean crystalline 
rocks and zircons as well as some Late Cretaceous plutons (Foster et al., 2006).  North 
and northeast of the northern Pioneers (near the cities of Deer Lodge and Butte), the 
Boulder batholith (absent muscovite) and related Elkhorn Mountain volcanics have Late 
Cretaceous to Late Paleocene (~80-64 Ma) zircons (Foster et al., 2007; Lund et al., 
2002). 
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METHODOLOGY 
Background 
Provenance studies have been used to infer the existence of topography shedding 
lithologically-distinct sediment and controlling paleodrainage pathways.  In this way the 
existence or absence of sediment sources (and by inference, related topography) has been 
tied to regional tectonic models.  Zircon is a durable, refractory mineral that 
preferentially includes uranium and thorium while excluding their daughters (e.g. Pb) at 
the time of crystallization (Finch and Hanchar, 2003).  Uranium-lead (U-Pb) dating can 
be performed on large samples of zircon grains to obtain populations of zircon ages and 
relate these to potential sediment sources.  Suites of metamorphic rocks and sedimentary 
rocks may contain distinct U-Pb age populations in their zircons (e.g., the Proterozoic 
Belt Supergroup; Ross and Villeneuve, 2003), which may be subsequently re-worked in 
to more recent sedimentary rocks. 
Beranek et al. (2006) used detrital zircons to track the Miocene-to-present 
evolution of drainages adjacent to the Yellowstone hotspot track in southern Idaho, 
attributing changes in zircon populations to the effects of the migrating Yellowstone 
bulge on topography, drainage configurations, stream capture, and the introduction or 
removal of various bedrock zircon sources in to drainages and depocenters.  While the 
sampling sites in Beranek et al. (2006) are generally close to the Yellowstone track, they 
show the utility of detrital zircons in inferring changes in topography and drainages due, 
in this case, to the Yellowstone thermal bulge.  These types of studies have been 
extended to the Cenozoic basins of southwestern Montana to test hypothesized 
paleogeographic expressions of various basin models. 
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In the Grasshopper basin southeast of the Big Hole (and south of the Pioneer 
Mountains), Eocene to Oligocene sediments of the Grasshopper basin show diverse 
zircon provenance of Archean, Mesoproterozoic, and Middle to Late Cretaceous ages 
and, along with paleocurrent indicators, suggest Eocene drainages from the southwest 
and Oligocene drainages from the north-northwest (Link et al, 2004).  Stroup et al. (2007, 
2008a, 2008c) interpret a south-flowing fluvial connection from the 2-mica Chief Joseph 
pluton to the Eocene-Oligocene supradetachment basins situated along the Idaho-
Montana border south of the Big Hole.  Stroup et al. (2008a) also cite detrital zircon 
populations in hypothesizing that an east-flowing paleodrainage from central Idaho 
deposited sediment in to both the Idaho Eocene-Oligocene supradetachment basins as 
well as the hypothesized “Renova basin” farther east.  Supporting generally eastward 
transport, Thomas (1995) found persistently unimodal east-directed paleoflow and 
increasing grain maturity in Oligocene sands across southwestern Montana in the area 
later termed the “Renova Basin” by Fritz et al. (2007).  He concluded the evidence 
supported a broad topographically-subdued Oligocene braidplain residing on the eastern 
edge of Janecke’s (1994) Eocene-Oligocene extensional zone. 
Multiple factors can influence source-rock exposure, paleodrainage pathways, and 
the distribution of “exotic” zircons and clasts.  Particularly in a long-lived thrust belt, 
relict topography may be extremely important: intuitively, drainages would follow the 
structural grain of the northern Rockies much as modern drainages in the Appalachian 
Valley and Ridge province do.  However, as in modern drainages, notable exceptions are 
evident.  Janecke et al. (2000) found evidence for a large Eocene paleodrainage with a 
possible Cretaceous ancestry transporting distinct clasts transversely through the 
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Montana-Idaho thrust belt to the foreland basin in northwestern Wyoming.  This drainage 
may have persisted in to the late Miocene (Fritz and Sears, 1993).  Modern drainages in 
southwestern Montana followed convoluted paths through mountain ranges and water 
gaps (e.g. the Big Hole River) occasionally incising deeply through competent rock; this 
emphasizes the point that drainages may not necessarily follow low topography.  In the 
Eocene-Oligocene supradetachment basins of eastern Idaho, Stroup et al. (2008a) infer a 
history of episodic underfilling and overfilling, allowing paleodrainages to intermittently 
transport sediment from central Idaho to southwestern Montana transversely across the 
extended areas.  Last, recent provenance data also suggests that paleogeography of the 
Renova Basin “was dominated by relict topography inherited from Cretaceous orogeny 
and local topography formed by contemporary volcanic eruptions” (Lielke, 2008) and 
suggests a need to modify the Renova Basin model of Fritz et al. (2007). 
 
Field Methods 
Geologic maps of the field area were used to identify likely areas of Tertiary 
sediments.  In the Big Hole valley, work by Ruppel et al. (1993), Hanneman (1987a, 
1987b, 1984a, 1984b), and Lonn and McDonald (2004) were used to define areas of 
likely outcrop; in the Pioneer Mountains, maps by Pearson and Zen (1985), Calbeck 
(1975), and Zen (1988) were used.  Additionally, Google Maps (http://maps.google.com) 
and Google Earth were also used to identify outcrops via three-dimensional displays and 
“bright spots” on aerial or satellite photography. 
Several of these maps are available in digital format.  When digital copies of the 
maps were unavailable, paper copies were digitized using the large-format scanner at the 
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University of Montana Mansfield Library.  All digitized maps were then georeferenced in 
ArcMap (ArcGIS 9.2) software using georectified 1:24,000 and 1:100,000 scale USGS 
topographic quadrangles publicly available from the State of Montana Natural Resource 
Information System (http://nris.state.mt.us/gis).  In georeferencing the maps, “1st Order” 
transformations were generally used due to limitations of computing hardware and 
software.  Higher-order transformations were occasionally used for paper maps warped or 
wrinkled during the scanning process.  The standard file projection used throughout the 
project was Montana StatePlane (NAD 1983); publicly available GIS data in other native 
projections were reprojected using one- or two-step transformations standard in 
ArcToolbox (ArcGIS 9.2).   
Once georeferenced, Tertiary sedimentary units were digitized in to polygon 
format feature classes in a file-based geodatabase.  These unit boundaries were overlain 
on 1:24,000 USGS topographic maps in ArcMap and printed.  Tertiary units were visited 
during summer 2008; eight outcrops were identified for further study and several areas 
were ruled out as having no accessible or usable outcrops (e.g., unit Tcg from Lonn and 
McDonald, 2004).  Six significant and usable outcrops in the Big Hole valley and two in 
the Pioneer Mountains were identified and subsequently examined.  Working names used 
for each outcrop in the field are continued through this report (Figure 2.1).   
A Trimble hand-held Global Positioning System (GPS) tool was used to record 
absolute locations of outcrops and samples within a 20-meter diameter position.  GPS 
coordinates are provided in latitude and longitude.  GPS coordinates of sample locations 
from other studies were directly transcribed from literature (particularly from Stroup, 
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2008 and Murphy, 2000) and, if needed, converted (reprojected) to latitude-longitude 
coordinates using ArcToolbox scripts. 
To measure stratigraphy at outcrops, vertical strips approximately one meter wide 
were cleared of “hill float” using hand tools.  A Brunton Transit compass was used to 
measure the strike and dip of dipping beds and the plunge of trough cross-bed axes.  
When required, paleoflow indicators on dipping beds were rotated to horizontal and rose 
Figure 2.1.  Sedimentary outcrops in the Big Hole Valley and Pioneer Mountains are 
marked with red dots.  Salmon-colored dots are granitic outcrops sampled in this study.  
Black dots and labels are towns.  Dashed black line is Idaho-Montana state line.  Heavy 
red line is modern Continental Divide.  BHS – Big Hole South; CB – Chalk Bluff; CCG – 
Clifford Creek Granite; FC – French Creek; GC – Gold Creek; JN – Jackson North; NGD 
– Nichols’ Granodiorite; RO – Rob’s Outcrop; WN – Wisdom North; WW – Wisdom 
West; YB – Yellowbank. 
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diagrams were constructed using StereoWin freeware distributed by Rick Allmendinger 
at Cornell University.  The presence or absence of biotite and muscovite were noted in 
sands and at all levels of the outcrops (cf. Thomas, 1995).  Dilute HCl was used to test 
for calcium carbonate, though the only positive result was from modern soil. 
 
U-Pb Geochronology 
LA-ICP-MS 
U-Pb dating of detrital zircons from Tertiary sands has been widely used in other 
extensional basins in southwestern Montana (see above; Stroup, 2008; Link et al., 2004).  
Detrital zircons populations from the Big Hole offer a way to tie paleogeography to 
extensional tectonism, in particular evaluating the timing of uplift of the Pioneer 
Mountains and the tectonic disruption of fluvial systems. 
Sand samples were obtained in the course of field work.  Heavy minerals were 
concentrated from these sands at the University of Montana mineral separation laboratory 
using a rock crusher (if needed), miller, 500μm sieve, and water table.  Heavy minerals 
were then air-dried and a hand-magnet was used to remove the most magnetic minerals 
(e.g. magnetite and steel filings).  Each piece of equipment was cleaned after each sample 
had passed through to avoid contamination between samples or from dust.  Samples were 
segregated in to buckets and containers with sealing lids, all of which were new and none 
of which were re-used.  An electric drill with a steel-brush head, heavy steel brushes, an 
air compressor (usually over 100psi), and a shop vacuum cleaner were used on the 
crusher and miller.  The sieve was cleaned with the vacuum and air compressor and 
individual grains stuck in the sieve mesh after sieving were removed using a tack.  The 
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water table was cleaned using soap and water, pipe cleaners, brushes, and the air 
compressor. 
Samples then underwent heavy-liquid separation.  Each was poured through a 
solution of lithium-based tungstate (LST, density of about 2.80 gm/ml) in a 125ml 
separatory funnel, allowing heavy minerals to sink and light minerals (e.g. quartz, 
feldspar, muscovite) to float.  Heavy minerals and LST were carefully drawn from the 
bottom of the separatory funnel in to a straight funnel lined with Whatman 115 micron 
water-strengthened filter paper.  Samples were rinsed and dried and LST was recovered 
via rinsing, filtering, and reconstitution on a hot plate (via evaporation to the desired 
density).  Funnels, flasks, and beakers were cleaned using Alconox and dish soap.  
Equipment was then rinsed with de-ionized water and dried using both the air compressor 
and a drying rack. 
Each sample was then loaded in to a Frantz magnetic separator with an initial 
setting of 0.4 amps, a front slope of 20°, and a side slope of 5°.  The magnetic fraction 
was collected and separated at each step, while the non-magnetic fraction was passed 
through the Frantz at 1.0 amps and again at 1.2 amps, effectively extracting zircon and 
apatite from the heavy mineral fraction.  Additional heavy liquids separation was not 
undertaken as apatite is simple to differentiate from zircon when picking grains.  Surfaces 
the samples contacted on the Frantz were cleaned using Kimwipes and the air 
compressor. 
The final step of mineral separation was picking zircon grains for analysis.  
Samples were poured in to Petri dishes with ethanol.  The clearest, largest zircons were 
picked under a binocular microscope using dental tools.  Grains tended to be prismatic 
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with a notable subpopulation (in all samples) of rounded frosted purple grains.  Apatite 
was avoided by following differences in morphology and by testing whether grains 
fractured easily or not (zircon is far harder than apatite).  An attempt was made to select a 
representative population of grains but samples are biased toward larger grains 
(approximately 100μm and larger) due to the 30μm resolution of the laser spot in LA-
ICP-MS.  Selected grains were drawn in to a pipette, dried with acetone on wax paper, 
and poured in to capsules. 
Using an eyelash hair taped to a wooden skewer, grains were transferred from 
each capsule in to rows within a ~2.5cm diameter circle on double-sided tape mounted on 
glass.  Well-dated “standard” grains used to evaluate fractionation in the mass 
spectrometer were mounted (Peixe and FC-1, sent from Washington State University).  
Maps of sample locations were carefully constructed to note the location on each puck.  
Digital photographs of each finished circle were also taken through the microscope; 
sample locations were labeled on the digital images using Adobe Photoshop. 
A plastic collar was placed on the tape and epoxy was poured.  After the epoxy 
hardened, the tape, collar, and glass slide were all separated, leaving an epoxy “puck” 
with zircons embedded in one end.  This end of the puck was then ground and polished 
using grit papers to expose the cores and edges of each zircon.  The grinding process was 
tracked using a petrographic microscope.  Significant difficulties encountered during 
grinding included, grain plucking, excessive grinding, and irregularities due to the soft 
type of double-sided tape used.  These resulted in partial loss of some samples, resulting 
in a diminished number of analyses for samples Yellowbank, Nichols Diorite, and 
Clifford Creek and the elimination of standard FC-1 from a puck.  However, another 
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puck was created while at WSU in order to increase the number of grains from Rob’s 
Outcrop, Wisdom West, Wisdom North, and French Creek. 
Prior to LA-ICP-MS, polished pucks were imaged at the University of Idaho, 
Moscow, Idaho, using a cathodoluminescence (CL) detector mounted to a scanning 
electron microscope (SEM).  CL images reveal zoning and inherited cores in zircons, 
allowing for targeting of relevant areas during the subsequent LA-ICP-MS. 
LA-ICP-MS analyses were performed at the Washington State University, 
Pullman, Washington using a New Wave Nd:YAG UV 213nm laser tied to a 
ThermoFinnigan Element 2 single-collector magnetic-sector inductively-couple plasma 
mass spectrometer (ICP-MS).  The laser was focused on a 30μm spot with a 10Hz cycle 
at 75% power.  Each spot had a 46 second dwell time, including a 16 second delay and an 
8 second warm-up.  Data were recorded in 300 sweeps, which was roughly eight sweeps 
per second of ablation.  Elemental fractionation within the ICP-MS was adjusted for by 
performing analyses on Peixe and FC-1 standard grains for every ten “unknowns”.  The 
resulting U-Pb ratios were compared to known ratios for the samples, and a fractionation 
correction was applied to blocks of sample grains.  Elemental fractionation at the site of 
ablation (i.e. the tendency for U to preferentially fractionate against the ablation pit walls 
compared to atomically lighter Pb) was accounted for by evaluating the evolution of U-
Pb ratios during each laser ablation.  Assuming no fractionation at time zero, U-Pb ratios 
tend to have a linear relationship during ablation; a best-fit line was fitted to this data and 
an intercept calculated at t=0, giving a true U-Pb ratio and resulting age.  Thin or small 
grains tended to provide incomplete data and sweeps toward the end of the collection 
were deleted.  More extensive deletions of up to 200 sweeps were performed on a few 
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grains if the data were linear and 206Pb/238Pb dates were concordant with 206Pb/207Pb 
dates.  Date prior to 1000 Ma (1 Ga) are reported as 206Pb/238Pb dates, whereas dates 
older than 1000 Ma are reported as 206Pb/207Pb dates due to the greater abundance and 
shorter half-life of 238U.  Due to the combination of concordant and slightly discordant 
dates, a conservative approach is to report concordant dates separately from tables and 
graphs that combine both discordant and concordant dates.  The slight differences in 
relative probability peaks between concordant only and combined concordant and 
discordant data provide confidence that the discordant dates are legitimate (Appendix A).  
Severely discordant data are excluded from the results.  Data with unusual 206Pb/238Pb 
and 207Pb/235U data (e.g. negative fractionation slopes) but “flat” 206Pb/207Pb data and 
reasonable 206Pb/207Pb dates (compared to concordant data) are reported as 206Pb/207Pb 
dates.  As these are all Proterozoic or older and hence of lesser importance in provenance 
determination, they are included in the graphs that combine concordant and discordant 
dates. 
 
TIMS 
The Middle- to Late-Miocene Sixmile Creek Formation is often differentiated 
from the Eocene to Early Miocene Renova Formation based on lithostratigraphy.  
However, these formations in practice can be difficult to visually differentiate (Kuenzi 
and Fields, 1971; Hanneman and Wideman, 1991) and fossil evidence in the Big Hole is 
scant, possibly reworked, and generally lacking stratigraphic context.  Tuffs, when 
identified in outcrop, were collected for dating using high-resolution thermal ionization 
mass spectrometry (TIMS) on volcanic zircons.  TIMS was used due to the lack of visible 
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native potassium-rich minerals in tuffs (biotite, potassium feldspar, etc. available for 
40Ar/39Ar dating), the often clear evidence of reworking and contamination with detrital 
potassium-rich minerals, and the flexibility of scheduling for TIMS at Boise State 
University (BSU).  
Zircons from tuffs were analyzed using TIMS at BSU.  Physical separation was 
performed at BSU using procedures nearly identical to those used at WSU and the 
University of Montana, but with the addition of clay separation using ultrasonic 
treatment.  Most grains were mounted in epoxy using procedures similar to those used for 
LA-ICP-MS; these grains underwent CL imaging at BSU to identify inherited cores in 
grains.  Grains free of apparent cores were plucked from the mounts and subsequently 
dated using TIMS.  The following methodology was provided by J. Crowley (pers. 
comm., 2010). 
Zircon was subjected to a modified version of the chemical abrasion method of 
Mattinson (2005), reflecting analysis of single grains. Zircon separates were placed in a 
muffle furnace at 900°C for 60 hours in quartz beakers. Single grains were then 
transferred to 3 ml Teflon PFA beakers and loaded into 300 l Teflon PFA 
microcapsules. Fifteen microcapsules were placed in a large-capacity Parr vessel, and the 
crystals partially dissolved in 120 l of 29 M HF for 12 hours at 180°C. The contents of 
each microcapsule were returned to 3 ml Teflon PFA beakers, the HF removed and the 
residual grains immersed in 3.5 M HNO3, ultrasonically cleaned for an hour, and fluxed 
on a hotplate at 80°C for an hour. The HNO3 was removed and the grains were rinsed 
twice in ultrapure H2O before being reloaded into the same 300 l Teflon PFA 
microcapsules (rinsed and fluxed in 6 M HCl during sonication and washing of the 
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grains) and spiked with the EARTHTIME mixed 233U-235U-202Pb-205Pb  tracer solution 
(ET2535). These chemically abraded grains were dissolved in Parr vessels in 120 l of 29 
M HF with a trace of 3.5 M HNO3 at 220°C for 48 hours, dried to fluorides, and then re-
dissolved in 6 M HCl at 180°C overnight. U and Pb were separated from the zircon 
matrix using an HCl-based anion-exchange chromatographic procedure (Krogh, 1973), 
eluted together and dried with 2 µl of 0.05 N H3PO4. 
Pb and U were loaded on a single outgassed Re filament in 5 µl of a silica-
gel/phosphoric acid mixture (Gerstenberger and Haase, 1997), and U and Pb isotopic 
measurements made on a GV Isoprobe-T multicollector thermal ionization mass 
spectrometer equipped with an ion-counting Daly detector. Pb isotopes were measured by 
peak-jumping all isotopes on the Daly detector for 100 to 150 cycles. Pb mass 
fractionation was corrected using the known 202Pb/205Pb ratio of the ET2535 tracer 
solution. Transitory isobaric interferences due to high-molecular weight organics, 
particularly on 204Pb and 207Pb, disappeared within approximately 30 cycles, while 
ionization efficiency averaged 104 cps/pg of each Pb isotope. Linearity (to ≥1.4 x 106 cps) 
and the associated deadtime correction of the Daly detector were monitored by repeated 
analyses of NBS982, and have been constant since installation. Uranium was analyzed as 
UO2
+ ions in static Faraday mode on 1011 ohm resistors for 150 to 200 cycles, and 
corrected for isobaric interference of 233U18O16O on 235U16O16O with an 18O/16O of 
0.00206. Ionization efficiency averaged 20 mV/ng of each U isotope. U mass 
fractionation was corrected using the known 233U/235U ratio of the ET2535 tracer 
solution.  
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 U-Pb dates and uncertainties were calculated using the algorithms of Schmitz and 
Schoene (2007), 235U/205Pb of  100.206 and 233U/235U of 0.99464 for the ET2535 tracer 
solution (Condon et al., 2007), and U decay constants recommended by Jaffey et al. 
(1971). 206Pb/238U ratios and dates were corrected for initial 230Th disequilibrium using a 
Th/U[magma] = 3 using the algorithms of Crowley et al. (2007), resulting in an increase 
in the 206Pb/238U dates of ~0.09 Ma. All common Pb in analyses was attributed to 
laboratory blank and subtracted based on the measured laboratory Pb isotopic 
composition and associated uncertainty. U blanks are difficult to precisely measure, but 
are estimated at 0.07 pg.  
Over the course of the experiment, analyses of the 500 Ma EARTHTIME 
standard solution that varied in size from 7-77 pg of radiogenic Pb yielded a weighted 
mean 206Pb/238U date of 499.97 ± 0.09 Ma  (n = 9, MSWD = 0.6). 
 
Gravity 
To gain a basic understanding of the configuration of the Big Hole basin, a simple 
analysis of Bouguer anomalies was performed using inverse modeling.  The goal was to 
approximately define the shape of the basin and find any relationships to observations in 
outcrop.  Work by Kittrell (1978), Constenius (1988), and density data from two Amoco 
exploration wells proved useful. 
Kittrell (1978) performed three gravity transects across the central Big Hole 
valley.  Assuming a 0.5 gm/cm3 difference between basin-fill and bedrock and 
performing inverse modeling, he found the deepest part of the basin reaching depths from 
2000m to 3500m.  Notably, two of the three interpretations show the deepest part of the 
 33
basin occurring east of the axis of the basin.  However, the utility of this small study is 
hindered by uncertain transect locations and unknown modeling parameters.  Kittrell 
(1978) also did not have access to density data from two Amoco exploration wells drilled 
in the early 1980s.  These wells in central and southern parts of the basin show sediment 
thicknesses of 4850m and 2847m respectively. 
Constenius (1988) used borehole gravimeter records from these wells to 
characterize sediment density data as a potential analogue for his study of the Kishenehn 
basin based on similarities in size, age, and density between the two basins.  Constenius 
(1988) noted densities approaching 2.65gm/cm3 around 3000m depth, indicating little to 
no difference between the basin-fill and Mesoproterozoic bedrock (2.6-2.7gm/cm3).  
Another important observation by Constenius (1988) is the variability in density of 
different lithologies present in the Kishenehn, ranging from 2.22 gm/cm3 to 2.51gm/cm3. 
A georeferenced raster map of gravity Bouguer anomalies for the state of 
Montana is available from the work of McCafferty et al. (1998) at the USGS website 
(http://pubs.usgs.gov/of/1998/ofr-98-0333/mt_boug.html).  The map was created from 
survey points using a “minimum-curvature” interpolation.  Cell size is 1km2.  The 
“interpolate line” and “create profile graph” tools in the ArcGIS 3D Analyst extension 
were used to define three transects across the Big Hole (A-A’ through C-C’).  These data 
were exported to tab-delimited text files and imported in to the GravCadW gravity 
modeling freeware created and distributed by Steve Sheriff of the University of Montana 
(http://www.umt.edu/geosciences/faculty/sheriff/Sheriff_Software_Files/gravcad.exe).  
Due to the orientation of each transect across the raster, the central and southern transects 
(B-B’ and C-C’) had a slight zig-zag between each point due to how the raster was  
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Figure 2.2. Summary of location and results of gravity study by Kittrell (1978): location 
of survey transects (left) and results of inverse modeling without vertical exaggeration 
(right).  Note that two of the interpreted results have steeper slopes on the eastern margin 
than the western.  Figures modified from Kittrell (1978). 
Figure 2.3. A summary of density results 
from gravimeter tools used in the Jack 
Hirschy Livestock #1 and #2 exploration 
wells drilled by Amoco in the early 1980s.  
Density is on the y-axis and depth on the x-
axis.  Figure modified from Constenius 
(1988). 
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sampled by the “interpolate line” tool.  These were solved by removing every other data 
point.  To account for difference between bedrock “baseline” values in the Anaconda, 
Beaverhead, and West Pioneer mountains, a linear regional correction was applied to 
each transect so that bedrock at the ends of each transect had similar gravity values.  
Since all values were strongly negative (see scale in Figure 2.4), an intercept was 
chosen for each transect to bring the ends of each transect close to zero.  GravCadW was 
unable to handle positive Bouguer anomalies; since these slightly positive values were 
confined to transect “tails”, they were eliminated after the regional correction.  A density 
contrast of 0.35gm/cm3 was used for inverse modeling using known density data (Figure 
2.3).  Because of variable basin depths, a lower density contrast would be more 
appropriate in the deeper parts of the basin and a higher contrast in the shallower parts.  
The 0.35gm/cm3 figure was chosen as a compromise to enable easy comparison between 
transects and with the knowledge that depth-to-basement errors would not significantly 
influence interpretations about the shape of the basin.  Last, little is known about 
sedimentation patterns in the Big Hole which could influence Bouguer anomalies (e.g. 
extensive lakebed shales versus alluvial fans: cf. figure 5 of Constenius, 1988).   
Each basin inversion was iterated 20 times to create a best-fit between a basin 
model and the observed input values.  Again, the 20-iteration setting was chosen as a 
compromise since more iterations tended to result in unrealistic geological models with 
large, steep, irregular basin floor topography.  Root Mean Squared error for each transect 
was 25.59 for A-A’ (northern Big Hole), 16.78 for B-B’ (central Big Hole), and 44.10 for 
C-C’ (southern Big Hole).  Results were exported as fixed-width text files and imported 
in to Microsoft Excel for review. 
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Figure 2.4. Summary of Bouguer anomalies in the the Big Hole and transect locations in 
this study.  Red dots – Tertiary sedimentary outcrops; gray dots – granitic bedrock; 
crossed dots – exploration wells; animal symbols – datable fossil locales.  Strongly 
negative anomalies correspond with valley edges as seen against the underlying digital 
elevation model (top).  Low Bouguer values in the Pioneer Mountains correspond very 
well with the mapped extent of plutons (compare to Figure 1.6).   
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RESULTS 
Nichols Granodiorite 
Observations 
A foliated biotite-rich granodiorite is exposed immediately east of Chalk Bluff 
along a roadcut on Route 46.  A thin section reveals quartz, plagioclase, biotite, and 
chlorite.  Three concordant zircons produce a weighted age of 72.4 ± 6.7 Ma.  Including 
four additional discordant zircons brings the weighted age to 71.8 ± 2.0 Ma. 
 
Interpretations 
The presence of foliation and chlorite suggests the Nichols Granodiorite 
underwent low-grade metamorphism subsequent to emplacement.  The low number of 
reliable U-Pb dates from zircons for this sample is due to this sample having been 
preferentially plucked and/or abraded during the puck polishing process, resulting in 
fewer and thinner grains available for analysis.  The dates described here are of low 
precision and should be treated cautiously; however, they are very similar to dates from 
other diorites and granodiorites found in the Pioneer Mountains (Murphy, 2000). 
 
 
 
 
 
 
 
 38
Clifford Creek Granite 
Observations 
The small (5.5 miles2) 2-mica Clifford Creek Granite is the only 2-mica granite in 
the Pioneer Range with macroscopic muscovite (Zen, 1996; Pearson and Zen, 1985).  
Four concordant zircons produce a weighted age of 72.2 ± 9.5 Ma.  Including three 
additional discordant zircons brings the weighted age to 71.3 ± 5.4 Ma. 
 
Interpretations 
Similar to the Nichols Granodiorite sample, analyses of Clifford Creek were 
hindered by excessive plucking and over-polishing that resulted in fewer and thinner 
grains available for U-Pb dating.  Considered by itself, the age determination must be 
considered unreliable.  However, the weighted age is very similar to dates in diorites and 
granodiorites found by Murphy (2002).  It is also worth noting the 71.3 Ma date 
described here for the Clifford Creek Granite aligns very well with a 71.3 Ma peak found 
in Oligocene sediments at Yellowbank (q.v.) immediately adjacent to the Clifford Creek 
pluton. 
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French Creek 
Observations 
French Creek cuts in to a terrace of flat-lying Tertiary sediments in the northern 
Big Hole valley, exposing over 30 meters of stratigraphy.  Sediments exposed include 
highly friable laterally discontinuous clays, silts, tuffs, and channelized sands (figure 3.1).  
Some carbonized wood is found in sands and clays throughout.  Some is obviously 
detrital whereas other fragments are elongate, commonly subvertical, and have 
oxidized(?) yellow halos.  Other similar features are pervasive yellow and orange 
mottling and blocky fracture of clays.  Clays are commonly tuffaceous.  A thick 
tuffaceous clay at 2-3 meters contains woody debris, isolated pebbles and cobbles, and 
fines upward.  Sands are coarse, lithic, subangular, and commonly muddy with no visible 
bedforms.  Sand bodies are fairly thin (<1 meter thick) and pinch out rapidly.  Sand 
grains are angular to subangular and poorly sorted, occasionally containing “books” of 
biotite.  A single muscovite grain was found in outcrop. 
A tuff near the base of the outcrop gives an age of 29.597 ± 0.008 Ma via the 
TIMS (Figure 3.12).  Three other grains produced dates of 29.99 ± 0.03 Ma, 73.40 ± 0.02 
Ma, and 76.46 ± 0.13 Ma, indicating some reworking of the tuff. 
Detrtial zircons from a thin sand 3.8 meters above the base produced U-Pb age 
peaks at 72.0 Ma and 28.9 Ma (Figure 3.1).  Thirty-eight grains were analyzed: only one 
Proterozoic grain was found and it is excluded from graphs and provenance analysis. 
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Figure 3.1.  The outcrop at French Creek.  An Oligocene date 
(~29.6 Ma) was obtained via TIMS from a tuff near the base 
of the section (see inset: tuff is immediately below large unit 
at top of picture corresponding to debris flow at 2-3 meters in 
stratigraphic column).  U-Pb ages from detrital zircons in a 
sand above the tuff produce a peak at 28.9 Ma, suggesting 
additional input of volcanic ash; another peak exists at 72.0 
Ma.  A single Mesoproterozoic grain is not included in the 
graph (207U/206U age = 1801.5 ± 14.9 Ma). 
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Interpretations 
Pervasive oxidized(?) mottling and “haloed” woody material in clays are 
interpreted as root traces.  Clay blocks with blocky fracture and slickensided surfaces are 
interpreted as peds.  Faintly upward-fining “dirty” clays with floating pebbles and 
cobbles are debris flows: a large chaotically-bedded debris flow exists at 2-3 meters in 
the stratigraphic column, though other smaller ones may be present higher in the column.  
Combined with observations of small disconnected channelized sands containing woody 
debris, these features indicate subaerial deposition.  Pervasive pedogenic features, small 
channelized sand bodies, texturally immature sand suggest, and the presence of debris 
flows suggests an alluvial depositional setting; possibilities include a non-perennial 
stream valley or the distal “toe” of an alluvial fan. 
Oligocene zircons spanning 700,000 years are recognized in both detrital sands 
and air-fall tuffs are recognized at French Creek.  The lack of long-lived significant 
Oligocene volcanism in southwestern Montana or eastern Idaho and the fineness and 
volume of the tuffaceous material suggest significant air-fall input from distant volcanic 
sources from the Great Basin or ancestral Cascade Mountains. 
Detrital sand provenance at French Creek is unclear.  A prominent peak at 72.0 
Ma in the detrital zircons is likely a plutonic source.  However, given the relative absence 
of muscovite, the short distance this sediment would have been transported from the 
Anaconda Range (11.3 km or 7 miles at minimum), and the lack of a peak at 75 Ma, the 
2-mica Chief Joseph pluton in the Anaconda Range is an unlikely source.  However, 
rocks of the Eocene (52.7-48.5 Ma) Lowland Creek formation, metasediments of the 
Mesoproterozoic Belt Supergroup, and small late Cretaceous/early Tertiary plutons 
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(lacking muscovite) are exposed within 2 to 3 miles to the north, east, and south (Iagmin, 
1972; Ruppel et al., 1993; Ispolatov, 1997).  The absence of any Eocene dates suggests 
the following scenarios: 1) the Lowland Creek Formation was obscured by later 
sediments; 2) drainages feeding French Creek were not sourced in areas where Lowland 
Creek rocks were exposed (due to lack of exposure or drainage configuration); or 3) the 
relatively small detrital zircon sample was not sufficient to capture a representative zircon 
population. 
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Chalk Bluff 
Observations 
A Quaternary landslide scarp exposes approximately 85 meters of deeply gullied, 
tuffaceous, monotonously white to light tan clays at Chalk Bluff (Figure 3.2).  Clays 
contain matrix-supported sand grains and occasional pebbles.  Silicified(?) light-tan to 
white wood fragments are present.  Large rust-colored and oxidized concretions (up to 
0.5m diameter) are also present, though no fossils or other possible nucleation features 
have been found at their centers. Bedding is most visible from a distance as grainsize and 
color variations are virtually absent and difficult to see at the outcrop.  Due to the steep, 
gullied character of Chalk Bluff and difficult-to-see bedding, measuring a section proved 
to be too difficult.  Rappelling was ruled out as the outcrop top offers no stable anchor 
points.  A very approximate dip is ~15° toward the northwest. 
A single tooth fragment found at Chalk Bluff has been tentatively dated as 
Oligocene (R. Nichols, pers. comm., 2009; Hanneman and Nichols, 1981).  
Approximately two miles northwest of Chalk Bluff, a single basanite lava flow produces 
a potassium-argon (K-Ar) age of 21.9 ± 0.3 Ma (Fritz et al., 2007). 
Immediately east of Chalk Bluff (within 200 meters), granodiorites and foliated 
gneisses outcrop along the road and in scattered outcrops on the hillsides.  Though the 
hillslope is mostly obscured by vegetation, a contact between the basin-fill and bedrock is 
tentatively found in the form of a deeply stained rust-red clay.  The clay does not have 
silt, sand, or pebbles entrained and appears to have a gradational contact with adjacent 
gneisses.  A contact with Tertiary basin fill is not observed, though its color and content 
have no analogues with the tuffaceous tan, yellow, and white silty clays observed at 
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Chalk Bluff and other outcrops in this study.  Orientation of this clay-rich zone is 
approximately sub-vertical and striking toward the north-northeast. 
 
 
 
 
Figure 3.2. Top: photomosaic of 
Chalk Bluff looking west; view spans 
southwest (left) to north (right).  Note 
faint northwest dip of beds.  Above: 
gneisses exposed ~200m east of 
Chalk Bluff.  Right: the red clay 
interpreted as the contact between the 
gneiss and the Tertiary sediments. 
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Interpretations 
While a firm depositional setting cannot be determined here, the depositional 
mechanism was likely repeated subaerial fine-grained debris flows (mud flows) based on 
the lack of graded beds and the observation of tuffaceous clays containing “floating” 
coarse grains, e.g. small sand grains and occasional pebbles. 
The band of red clay is interpreted as a fault contact for the following reasons. 
 
1) The fine-grained Tertiary beds at Chalk Bluff are laterally juxtaposed with Late 
Cretaceous granodiorites and gneisses of unknown age(s) exposed ~100m to the 
east. 
2) An energetic depositional mechanism like debris flows would likely entrain any 
nearby weathered grains exposed by bedrock or entrained in sediments.  Biotite 
and coarse, immature grains are entirely lacking at Chalk Bluff despite the close 
proximity of bedrock.   
3) The red clay is completely fine-grained, has abundant slickensides, shows no 
other pedogenic features (colored horizons, root mottling, root haloes, etc), and 
has no biotite or other features that would suggest it is a regolith of the gneissic 
and granodioritic rocks it is in contact with. 
4) Though poorly exposed, the red clay appears to be less than 3 meters wide and 
dipping at a steeper angle than the beds at Chalk Bluff. 
 
If this interpretation is correct, the juxtaposition of Tertiary basin fill to the west of 
the red clay with Late Cretaceous granodiorites (and unknown gneisses) to the east 
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suggest a down-to-the-west sense of movement on the fault.  This movement would post-
date the Oligocene.  The tentative Oligocene date for Chalk Bluff aligns with the firm 
21.9 ± 0.3 Ma for the basanite flow found to the northwest: if dips are constant, this 
indicates the Chalk Bluff beds dip beneath younger sediments exposed to the west.  If the 
Oligocene beds at Chalk Bluff are conformable with Miocene sediments further west, this 
suggests the fault may post-date the Early Miocene as well.  Hanneman (1987a) does not 
map this fault but infers a separate nearby fault south of Chalk Bluff trending west-
northwest to east-southeast, suggesting a down-to-the-northeast sense of movement. 
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Wisdom North 
A mile long stretch of outcrops between two and three road-miles north of the 
town of Wisdom comprise the section described here as “Wisdom North”: four roadcuts 
on the east side of Route 46 (of which the first three, numbered 1 through 3, are described 
here) and a river-cut bluff on the west side of the Wisdom Cemetery (Figure 3.3).  R. 
Nichols (pers. comm., 2009) tentatively identified eroded fossil fragments from the 
roadcuts as Barstovian (16.5-11.6 Ma) and others from the Wisdom Cemetery bluffs as 
Arikareean (29-20 Ma). 
 
 
 
 
Wisdom 
Cemetery 
Wisdom North #2
Wisdom North #1
Wisdom North #3
Figure 3.3. Location of outcrops approximately two to three miles north of the town of 
Wisdom along state route 46.  Geology mapped by Hanneman (1984a) is overlaid atop 
a digital elevation model.  Note the distribution of unit QTp mapped by Hanneman 
(1984a), which appears to correspond to gravels capping each of the measured 
outcrops.  Nichols (pers. comm., 2010) collected Bastovian and Arikareean fossil 
fragments eroding from these outcrops. 
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Observations 
All outcrops have a similar stratigraphy of clays, sandy clays, and occasional 
sands and gravels capped by a sandy gravel that is demonstrably incised in to the units 
below (best visible at Wisdom North #3).  This capping gravel is older than the modern 
terrace topography as it does not mantle all hillslopes and is incised by modern gullies 
and draws.  Hanneman (1984a) maps this gravel as QTp (Quaternary-Tertiary pediment) 
and indicates it occurs over less than a square mile.  Stratigraphic observations in the next 
two paragraphs are described relative to the incised surface on which the gravels rest. 
Clay units below the incised surface have mostly indistinct bedding and are tan to 
taupe colored.  The few possible beds exposed below the incised surface appear to have a 
southerly dip: one bed exposed at Wisdom North #3 has an average strike and dip of 099 
6S.  Other similarly dipping beds are not observable in outcrop but could exist as seen in 
photomosaics for Wisdom North #1 and Wisdom North #3 (Figures 3.4 and 3.6).  These 
dips agree in magnitude but disagree in orientation with those measured by Hanneman 
(1984a), who maps these beds as generally west-dipping.  Small red nodules (~1cm 
diameter), small vugs (<1cm3 volume), and muscovite are commonly found, as are 
silicified wood fragments, root casts, mottling, and, at Wisdom Cemetery, possible 
rhizoliths.  The clay units tend to soften (i.e. are more easily eroded) and become more 
yellow upsection toward the incised surface.  Some sands and coarser gravels below the 
incised surface at Wisdom North #1 have distinctive white silica cement.  Loosely 
cemented sands below the incised surface at Wisdom North #1 produced relatively strong 
detrital zircon U-Pb peaks at 69.6 Ma and 1717.5 Ma (Figure 3.4).  A single grain at 27.9 
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Ma provides a tentative maximum age for units below the incised surface, though as it is 
a single grain it should be regarded with caution. 
Above the incised surface, gravels and sands are very friable and poorly 
cemented.  The gravels and sands correlated with unit QTp (Pliocene to Pleistocene 
“Quaternary-Tertiary pediment”) mapped by Hanneman (1984).  Clast imbrication is 
difficult to evaluate due to the crumbly nature of the outcrop.  Clast counts are dominated 
by weathered and stained quartzite clasts, with very minor populations of granitic and 
vein quartz clasts.  Gravel immediately above the incised surface at Wisdom North #1 
has a few large angular clasts of white silica-cemented gravels clearly derived from units 
beneath the incised surface.  At Wisdom North #3, a thin (0-5cm) powdery white to gray 
tuff(?) is intermittently found mixed in with gravels immediately above the incised 
surface: however, due to extensive reworking, only Late Cretaceous U-Pb ages (ranging 
from 70.20 Ma to 73.10 Ma) were measured via TIMS from five zircons extracted from 
the tuff.  An attempt to date a tuffaceous white debris flow from the base of the Wisdom 
Cemetery outcrop failed.  Detrital zircons from the gravel produce strong U-Pb peaks at 
69.3 Ma, 1711.2 Ma, and 1756.2 Ma. 
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Figure 3.4. Wisdom North, outcrop #1.  Outcrop is approximately 20m tall.  Dashed line 
represents unconformity; straight line is a dipping bed interpreted from the photomosaic.  
Note the similarity between detrital zircons above and below the unconformity.  View is 
toward the east: north is left edge of photomosaic, south is right edge. 
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Figure 3.5. Wisdom North, outcrop #2.  Dashed line represents unconformity.  View is 
toward the east: north is left, south is right. 
Figure 3.6. Wisdom North, outcrop #3.  Dashed line represents unconformity.  Straight 
lines are interpreted and measured dipping strata. View is toward the east: north is left, 
south is right. 
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Interpretations 
The incised surface is interpreted to define an angular unconformity.  Beds below 
this unconformity appear to be dipping slightly in two of the four outcrops.  The presence 
of both Arikareean and Barstovian fossils weathering from these outcrops suggests this 
unconformity may be correlative with the Middle Miocene unconformity (Fritz et al., 
2007), suggesting the capping gravel is younger than 17 Ma.  Alternately, the gravel 
could be much younger and the units below the unconformity younger than 17 Ma.  
Regardless, the striking similarity between detrital zircon populations from above and 
below the unconformity suggests no major reorganization of drainage patterns during the 
unconformity. 
Despite the presence of detrital muscovite, the predicted 74-75 Ma peak in detrital 
zircon U-Pb ages is not present.  The meaning of this absence is discussed in the 
following section (Wisdom West). 
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Wisdom West 
Observations 
Flat-lying tan and white sands, silts, and clays are exposed in a roadcut through a 
terrace 4 miles west of the town of Wisdom.  Muscovite is common throughout the 
outcrop and a thin gravel caps the top (Figure 3.7).  Clays are light-colored though not 
tuffaceous.  They tend to contain significant sand and can be difficult to differentiate 
from muddy sands.  Some orange to red mottling is weakly developed.  Rapid vertical 
changes from matrix-dominated to framework-dominated bodies make for highly 
heterogeneous stratigraphy.  Sands are commonly thin (<10 cm) and interlayered with 
clay, though show high variability in grainsize and lateral continuity.  Where they are 
distinct and relatively free of mud/clay, sand bodies are laterally discontinuous and 
apparently channelized in to finer units.  Sands tend to be grus (weathered granite) with 
abundant coarse sand and/or pebbles of granitic fragments.  A thick, micaceous, medium 
to coarse grained, relatively well-sorted sand at the bottom of the outcrop produced 
detrital zircon U-Pb ages with peaks at 11.6 Ma, 50.9 Ma, 69.2 Ma, and 1710.4 Ma. 
 
 
 
 
 
 
 
 
Figure 3.7. The roadcut 
at Wisdom West.  The 
basal sand produces a 
distinct population of 
young zircons with a U-
Pb age peak at 11.6 Ma. 
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Interpretations 
Unconnected poorly-sorted channelized sand bodies residing in finer-grained 
clays suggest a similar alluvial depositional environment to French Creek.  However, 
Wisdom West lacks clear evidence of in situ root casts and detrital woody debris in sand. 
Lithostratigraphically, Wisdom West appears at first glance to be tuffaceous, 
light-colored, relatively fine-grained Renova Formation (or equivalent).  However, the 
presence of an 11.6 Ma peak in the detrital zircon population (Figure 3.7) indicates these 
sediments have a maximum age of Middle Miocene.  A possible volcanic source is the 
Yellowstone-related Bruneau-Jarbidge caldera in southwestern Idaho (Anders et al., 
2009, and references therein), though arc volcanism in the Cascades is a possible source 
as well. 
Late Cretaceous and Early Tertiary grains occur almost continuously from 48 Ma 
to 74 Ma, with major peaks occurring at 50.9 Ma and 69.2 Ma.  Wisdom West’s 
proximity to the Anaconda Range and abundance of poorly sorted detrital muscovite 
suggests weathered granites from the Chief Joseph pluton were the main sediment source; 
however, the anticipated 74-75 Ma U-Pb peak is not found in the detrital zircons.  This 
suggests that the 74-75 Ma zircons found in a modern stream sand eroding off the Chief 
Joseph pluton (Stroup, 2008) are not representative of the volume of zircons produced by 
this pluton. 
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Jackson North 
Observations 
Contorted and vertically-tilted white tuffaceous sediments are exposed at Jackson 
North.  Small red nodules, yellow and orange root casts, and occasional matrix-supported 
purple and green quartzite and argillite clasts are present in the tuff.  Dark brown laminae 
are also present parallel to bedding.  One bed of channelized clast-supported gravel and 
cobbles presents consists of purple and green quartzite and argillite clasts.  Bedding 
orientation was determined from upward-fining in the gravel bed from cobbles to 
pebbles, indicating west-tilted bedding; no other reliable indicators of “striatgraphic up” 
were noted.  The outcrop’s steep face and variable orientation precluded stratigraphic 
measurements.  Owing to numerous small-scale folding in the horizontal and vertical 
planes, strike and dip were measured from beds roughly representative of the outcrop’s 
overall orientation.  Representative strikes ranged from 342 to 006, with a simple mean of 
351 from four measurements.  Representative dips were more variable, ranging from 
45W (upright) to 70E (overturned) with a simple mean of 58W from four measurements.  
Zircons from a tuff approximately 30 cm beneath the gravel bed (stratigraphically) 
produce an age of 26.159 ± 0.037 Ma (MSWD = 1.6) via TIMS (Figure 3.12). 
 
Interpretations 
Matrix-supported floating pebbles and cobbles in otherwise featureless tuffaceous 
silts suggest fine-grained debris flows.  Root casts and oxidized nodules are pedogenic 
features, possibly developed through debris flows.  The content of the brown laminae are 
unknown; they laminae themselves may represent sedimentation immediately post-dating 
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debris flows, in between debris flow events, or could be diagenetic features (e.g. 
liesegang banding).  The significance of the contorted and steeply-dipping beds is 
discussed in the gravity section. 
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Big Hole South 
Observations 
This outcrop is the tallest of a series of roadcuts southeast 
of the town of Jackson.  It exposes nearly 40 meters of flat-lying 
tan to brown sands and clays.  All units in the outcrop are biotite-
rich; muscovite is completely absent.  Clays are tan to brown and 
commonly contain olive-green siliceous(?) nodules and veins, 
pebbles, sand, and small vugs.  Less common are “clean” fissile 
to laminated clays up to 0.5 meters thick which are free of larger 
grains.  No tuffs are apparent.  Sand bodies tend to be obviously 
channelized: at 9.5 meters a cross-section of a channel is clearly 
visible, containing lateral accretion surfaces, a cut bank, and 
upward-fining sands of a migrating point bar.  Channels are 
oriented approximately orthogonal to the outcrop, suggesting a 
roughly north-northeast or south-southwest paleoflow direction.  
Sand grains are lithic, poorly rounded, and moderately sorted.  
Well-cemented sands at the top of the roadcut show indistinct 
cross-bedding and commonly contain quartzite and chert clasts 
as well as minor amounts of woody material. 
 
Interpretation 
Abundant biotite, the absence of muscovite, and approximately southwest-
northeast paleoflow direction of sandy channels suggests Big Hole South received 
Figure 3.8. Big Hole 
South. 
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sediment from biotite-rich plutons exposed in the nearby Pioneer Mountains.  Rocks in 
the Beaverhead and Anaconda ranges are unlikely sediment sources due to, respectively, 
the predominance of biotite-poor Mesoproterozoic metasediments and the presence of 
muscovite. 
Since no detrital zircons were sampled here and no tuffs were found, Big Hole 
South is compared relative to the nearest known radiometric date at Jackson North.  
Again, Big Hole South is tentatively inferred to be younger than the ash at Jackson North. 
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Rob’s Outcrop 
The outcrop is named after Dr. Rob Thomas at the University of Montana-
Western, who observed east-directed paleoflow indicators from trough cross-beds at this 
location (Thomas, 1995).  Because of the more weathered and overgrown nature of this 
outcrop, there is more uncertainty in the stratigraphy. 
 
Observations 
Over 17 meters of trough cross-bedded coarse to pebbly 2-mica sand is found 
here (Figure 3.9).  Silicified wood fragments commonly weather out of the sand.  
Beneath the sand is approximately 20 meters of poorly exposed muds and clays.  Unlike 
other outcrops, an obvious dip is apparent though it is difficult to measure: the median of 
three measurements comes to 040, 21E.  When corrected for dip, 12 paleoflow 
measurements of trough-cross beds yield an approximately southeasterly flow direction 
which disagrees somewhat with the more easterly paleoflow of Thomas (1995).  Clays 
and muds underlying the sands are brown to reddish and heavily overgrown.  Two logs 
are found in outcrop, one in the sands and the other in muds.  When corrected for dip, 
both are oriented northwest-southeast.  Detrital zircons from the top of the sand produce 
U-Pb age peaks at 70.0 Ma, 1717.8 Ma, and 2478.3 Ma. 
 
Interpretations 
The thick trough cross-bedded sand is interpreted to be a fluvial deposit.  Again, 
abundant detrital muscovite suggests sediment derivation from the Chief Joseph pluton in 
the Anaconda Range.  However, similar to muscovite-rich sediments described 
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previously, the expected 74-75 Ma peak in detrital zircon ages is missing; a younger 69.9 
Ma peak is found instead (Figure 3.9).  This is interpreted to reflect the low fidelity of 
zircon U-Pb ages from the Chief Joseph pluton in the Anaconda Range (as discussed in 
the Wisdom West section) and not input from some extra-basinal muscovite-rich granite 
source.   
If this detrital zircon interpretation is correct, the combination of southeast-
directed paleoflow indicators and plentiful detrital muscovite suggest a major stream or 
river was transporting sediment from the Anaconda Range across the Big Hole toward 
the southeast.  This is notable because the modern high topography ringing the southern 
Big Hole funnels modern stream systems toward the northern end of the valley.  
Additionally, unlike most other outcrops described elsewhere, these beds are clearly 
tilted.  There are additional poorly-exposed beds to the north and west that appear to be 
tilted as well (some in excess of 60°).  These lines of evidence suggest one or more 
deformational events tilted bedding in the vicinity of Rob’s Outcrop and uplifted 
topography sufficient to disrupt a southeasterly-flowing drainage.  Additional evidence of 
uplift in this area comes from M’Gonigle and Dalrymple (1993) who noted an 
unconformity and the introduction of Archean clasts above it in the nearby Horse Prairie 
and Medicine Lodge basins.  Since Archean rocks are locally exposed in modern times, it 
is reasonable to infer that these rocks were uplifted during the unconformity. 
The Big Hole Pass four miles to the east may represent a low-point in the 
topography across which this putative river flowed in to the Grasshopper Basin on the 
east side of these mountains (the Big Hole Divide).  It is possible that the Big Hole and 
Grasshopper basins were once linked (as suggested by Figure 1a in Janecke, 1994). 
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Figure 3.9. Rob’s Outcrop.  Dip-corrected paleoflow indicators (fallen/transported(?) 
logs and trough cross-beds) suggest transport toward the southeast; dip correction was 
performed using the StereoWin freeware distributed by Dr. Rick Allmendinger at 
Cornell University.  Despite abundant detrital muscovite, zircon U-Pb age peaks are 
noticeable younger than 75 Ma. 
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Gold Creek 
Observations 
In the Pioneer Mountains, Gold Creek cuts through a hill of Tertiary sediments, 
exposing 20 meter cliff of tuffaceous clays and gravels.  Light tan to slightly orange 
tuffaceous clays have matrix-supported cobbles and coarse sands in varying amounts.  
Gravels tend to be matrix supported, with one notable exception of a “clean” matrix-
supported gravel at 11.5-13 meters.  Gravels and boulders are almost universally clasts of 
purple or greenish quartzite; quantifying clast populations and imbrication was difficult 
due to the highly unstable nature of the outcrop and the fact that it was measured via 
rappelling.  Tuffaceous clays commonly contain floating grains of sand, pebbles, or 
cobbles.  At 5 meters, clay is notably clean and fissile; however, this is a lense-shaped 
bed that pinches out quickly and has a flat top.  It is surrounded by much coarser beds.  A 
few easily-eroded white blebs occur that are woody in appearance.  However, no 
mottling, obvious woody material, or nodules occur. 
 
Interpretations 
Gold Creek preserves a set of tuffaceous debris flows that entrained cobbles, 
pebbles, and immature sand grains from nearby rocks (Figure 3.10).  The clast-supported 
gravel at 11.5-13 meters is likely a fluvial deposit.  It was not sampled due to the unstable 
nature of the layer, though it appears to consist entirely of purple quartzite clasts that 
could be assigned to the Belt Supergroup.  This suggest derivation from continuous 
Mesoproterozoic rocks exposed on the western side of Gold Creek (across the Wise 
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River), as rocks exposed within three miles to the east are Mesoproterozoic, Paleozoic, 
and the Late Cretaceous Clifford Creek granite. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.10. Gold Creek.  Photo is oriented and scaled to approximately correspond 
to the stratigraphic column.  Note author for scale. 
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Yellowbank 
A large, active landslide scarp between 4th of July Creek and Sheep Creek 
exposes 200 meters of Tertiary sediments in the Pioneer Mountains.  A small ridge 
protrudes from the scarp face and provides the best exposure of these units; a combined 
thickness of 35 meters were measured and combined in to a composite stratigraphic 
column.  Pearson and Zen (1985) mapped this outcrop as a small approximately mile-
wide graben bounded by roughly north-trending normal faults. 
 
Observations 
Yellowbank exposes gravels, cobbles, and boulders mixed with light tan to 
slightly orange tuffaceous clays and gravels.  Bedding is highly discontinuous and incised 
in to units below.  Beds commonly have coarse basal matrix-supported cobbles or 
boulders and fine upwards in to matrix-supported gravels and then to tuffaceous clays 
which commonly contain cobble and sand float.  Clasts were either purple quartzite or 2-
mica granite: quantifying clast populations was hindered by the highly unstable nature of 
the outcrop and the fact that it was accessed via rappelling.  A coarse sand sampled at the 
very bottom of the outcrop produced peaks at 71.3 Ma, 1797.3 Ma, 2464.8 Ma, and 
2695.0 Ma.  Also at the base of the measured section, two discontinuous bluish fine sands 
occur: the lower-most was sampled and (via TIMS) produced a mean U-Pb age of 29.920 
± 0.023 Ma (MSWD = 2.1), indicating an Oligocene age for Yellowbank (Figure 3.12). 
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Figure 3.11. Yellowbank.  Upward-fining coarse to ultracoarse debris flows are 
apparent.  A single Late Cambrian to Early Ordovician detrital zircon suggests input 
from deformed Paleozoic or Mesozoic sedimentary rocks found in the East Pioneers.  
Additionally, the detrital zircon U-Pb peak at 71.3 Ma likely represents weathering 
and erosion of the adjacent Clifford Creek granite. 
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Interpretations 
Similar to Gold Creek, the sediments at Yellowbank are debris flow deposits 
entraining massive boulders, cobbles, pebbles, and immature sand grains derived from 
nearby bedrock.  Abundant boulders and cobbles of 2-mica granite are from the small 
(5.5 miles2) Clifford Creek pluton exposed on the eastern edge of Yellowbank (1 mile 
east of Yellowbank).  The Yellowbank detrital zircon peak at 71.3 Ma matches the 71.3 ± 
5.4 Ma age determined for the Clifford Creek granite.  Smaller cobbles and pebbles of 
purple quartzite are derived from Mesoproterozoic metasediments outcropping 0.4 miles 
to the west.  Detrital zircon peaks in the Mesoproterozoic, Paleoproterozoic, and Archean 
also represent sediment derivation from these Mesoproterozoic bedrock sources.  A 
single Late Cambrian (or Early Ordovician) detrital zircon hints that Mesozoic or 
Paleozoic rocks exposed 2.5 miles to the east may have contributed sediment as well, 
though detrital zircon spectra for these rocks are not known.  However, it is worth noting 
that no other detrital zircon samples in this study produced Paleozoic ages. 
Coarse locally-sourced debris flows preserved at Yellowbank suggest relief 
existed in the Pioneers during the Oligocene.  No distal sediment (e.g. from the Anaconda 
Range or elsewhere) is evident in detrital zircons or clast provenance at Yellowbank, 
suggesting the Pioneers had some topography in the Oligocene.  Additionally, the 
repetitive nature and thickness of the debris flow deposits suggests they may be 
syntectonic and that normal faulting during the Oligocene created accommodation space.   
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Figure 3.12. Summary of U-Pb age results obtained from tuffs using TIMS.  Figure 
and results provided by Jim Crowley. 
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Gravity 
Observations 
Model results provide a general good fit to the data with some minor overshoots 
and undershoots (see Figure 3.14, bottom of A-A’).  Moving from north to south the 
basin shows a general deepening and widening.  Line C-C’ indicates a basin depth of 
about 3024m at its closest point to the Jack Hirschy Livestock #2 well (2.8km south of 
the line), which in turn indicates a 2847m basin depth.  The differences between these 
two are likely explained by differences in Bouguer anomalies (the transect crosses lower 
Bouguer anomalies in this area), errors in the linear regional correction, and/or 
differences between estimated and true basin-fill density. 
 
Interpretations 
Several interesting features are discernable in the physical models of each transect 
(Figure 3.13).  Transect A-A’ in the northern Big Hole produces a generally symmetrical 
V-shaped basin profile.  It is oriented northwest-southeast (Figure 2.4) and passes very 
close to the northwest dipping sediments at Chalk Bluff and the 21.9 Ma lava flow further 
northwest.  This suggests a low-angle normal fault dipping toward the southeast.  The 
obviously tilted Oligocene sediments and possibly tilted 21.9 Ma lava flow suggest the 
fault was synchronous with or post-dates sedimentation in the Oligocene and Early 
Miocene.  Assuming the planar surface of this fault is expressed in the contact between 
bedrock and basin-fill on the western limb of the basin model, a southeast dip of 21.6° is 
calculated.  Despite the uncertainty surrounding the gravity calculations, this compares 
favorably to the estimated 15° dip observed along the transect at Chalk Bluff at the 
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eastern edge of the basin.  If a west-dipping normal fault exists along the eastern edge of 
the basin (as interpreted on the eastern edge of the Chalk Bluff outcrop), it may be 
expressed in the eastern limb of the basin floor as a west-dipping contact between the 
basin-fill and bedrock.  However, northwest-dipping strata suggest this fault, if present, 
did not have as much offset as the inferred east-dipping fault bounding the western edge 
of the basin. 
Transect B-B’ shows a wider, relatively flat-bottomed basin profile in the central 
Big Hole reaching a maximum depth of 2464m west of the basin axis.  Extending the 
hypothesized east-dipping normal fault from A-A’ along strike to B-B’, one could 
speculate that a “bump” visible along the western edge could be a downfaulted bedrock 
fragment.  The well-defined steep eastern edge of the basin (Figure 3.13) suggests the 
presence of a west-dipping normal fault bounding the eastern edge of the basin.  This 
would extend the hypothesized west-dipping normal fault from Chalk Bluff (A-A’) south 
along the eastern edge of the basin.  Observations of flat or gently-dipping strata at and 
between the outcrops at Wisdom West and Wisdom North suggest these two faults may 
have similar offsets.  The overall gravity profile of the and the inferred bounding normal 
faults suggests the central Big Hole is a graben as opposed to the half-graben inferred in 
the northern Big Hole (A-A’). 
Transect C-C’ is similar to B-B’ but deeper and with greater “topography” 
apparent on the basin floor.  The greatest depths occur along the eastern edge of the basin 
against the steeply-dipping basin edge.  Dipmeter data from the nearby Jack Hirschy 
Livestock #2 well show no obvious dip, though low-angle dips, if present, are difficult to 
discern due to the resolution of the well-log graph.  The steeply west-dipping beds at 
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Jackson North, located 4.4km south of point 23600m along transect C-C’, correspond to 
steep gradients in the data (Figures 2.4, 3.14) and the basin model (Figure 3.13).  
Deformation at Jackson North may be related to a west-dipping normal fault bounding 
the eastern edge of the basin with movement post-dating 26.16 Ma.  The gravity profile 
and similarity to transect B-B’ suggests the southern Big Hole is a fault-bound graben.  
Interestingly, the greatest depths occur at the eastern edge of the basin, suggesting any 
normal fault there has greater offset than the fault hypothesized along the western edge.  
Uncorrected Bouguer anomalies also reach minima along the eastern edge of the southern 
Big Hole (Figure 2.4), suggesting offset on the hypothesized fault increases toward the 
south. 
 
Figure 3.13.  Summary of physical models of corrected Bouguer anomalies with no 
vertical exaggeration.  See figures 2.4 for location of transects and 3.14 for summary 
of modeled and input data.  
 71
 
 
 
Figure 3.14.  Summary of input and modeled Bouguer anomalies used to create 
physical models in Figure 3.13.  Blue lines and points are the Bouguer anomalies 
input in to the model after a regional trend correction and normalization to a “local 
zero anomaly”; red lines and points are model results after 20 iterations.  
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DISCUSSION 
Tilt and deformation of sediments in the Big Hole Valley are important indicators 
of tectonic history.  The paucity of outcrops and uncertain southern extent of the 
Anaconda MCC detachment/fault lend uncertainty in evaluating extensional deformation.  
However, the distribution of tuff ages, detrital zircon ages, and fossil locales, along with 
simple modeling of Bouguer anomalies, allow for some broad inferences.  The following 
hypotheses are not unique solutions to the data but are consistent and contextual. 
Oligocene-age tuffs outcrop at the surface in at least two locations in the Big 
Hole.  One firm Middle Miocene date is recognized in detrital zircons at Wisdom West 
and Middle Miocene (late Hemingfordian to early Barstovian: Hanneman and Nichols, 
1981) fossils from one site on the eastern edge of the Big Hole.  Tentative Oligocene 
(Arikareean) and Miocene (Barstovian) fossils are recognized at Wisdom North.  These 
dates bracket the ages of surficial sediments as Oligocene to Miocene.  It is interesting to 
note the lack of Late Miocene or Pliocene dates, suggesting either that erosion has carried 
these sediments away or that there was reduced accommodation space in the Big Hole by 
this time. 
 Physical models of the gravity data (Figure 3.13) are based on a single density 
difference between basin-fill and bedrock.  This value may differ significantly across the 
basin.  A more sophisticated analysis would create a layered density model of the basin, 
leading to lower contrasts in the deeper parts of the basin and creating better resolution of 
shallow features.  Understanding facies distributions would also enhance gravity 
modeling as lithologies vary widely in their potential densities.  Obtaining the Big Hole 
seismic data would provide the best available means of understanding the subsurface. 
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In the northern Big Hole, northwest-dipping strata and the V-shaped gravity 
profile is consistent with a top-to-the-east normal fault bounding the western edge the 
basin, suggesting some relationship to the Anaconda MCC detachment fault documented 
to the north.  The hypothesized antithetic normal fault bounding the east side of the Big 
Hole valley in this area may have reduced the magnitude of northwesterly dip but its 
offset appears to be lower than the larger “main” fault. 
In the central Big Hole, Wisdom West is slightly higher in elevation (c. 30m) than 
Wisdom North and contains ~11 Ma zircons (Clarendonian).  Wisdom North contains an 
unconformity which is interpreted here to separate Early Miocene (Arikareean) sediments 
below it from Middle Miocene sediments (Barstovian) above.  Wisdom North could have 
a flat-lying relationship with Wisdom West located 7.5 km to the west-southwest.  In 
other words, Wisdom West may simply be topographically higher exposure of flat-lying 
stratigraphy between it and Wisdom North.  This suggests the presence of undeformed 
Miocene strata across this part of the basin.  However, a slight westward dip component 
between the two outcrops is also permissible.  Any east-oriented dip component is highly 
unlikely without intervening faults.  Dipmeter data from the Jack Hirschy Livestock #1 
well (located 9.5km south-southwest of Wisdom West: see Figure 2.4) shows no obvious 
dip, though the dipmeter log has thick lines making low dips difficult to discern: for 
example, the only “tadpole” dip plot is from the Jack Hirschy Livestock #1 well between 
3048m and 4070m depth and indicates dips between 5° and 25° toward the south and 
southwest.  This suggests that flat-lying strata at the surface may be underlain by tilted 
strata in the central Big Hole, which implies they are syn-tectonic or separated by an 
intervening angular unconformity or fault.   
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For the southern half of the valley, Bouguer gravity anomalies show steep 
anomaly gradients at the valley edges and relatively constant low values between these 
edges, implying a roughly flat-bottomed, steep-sided, U-shaped basin.  West-dipping 
beds at Jackson North support evidence of any underlying west-dipping normal fault 
active after 26.16 Ma.  These lines of evidence support a graben model instead of a half-
graben model in roughly the southern half of the basin, though other explanations are 
possible: for example, Constenius (1988) interprets normal faulting antithetic to a master 
listric fault underpinning the Oligocene Kishenehn basin of far northwestern Montana 
(see Figure 1 for location), creating a deep, relatively narrow basin with a gravity profile 
similar to the southern Big Hole.  Despite the presence of a significant antithetic fault, 
however, strata in the Kishenehn still dip toward the master fault.  Crucial dip data are 
lacking in the southern half of the Big Hole. 
It is interesting to note that the basin between the Beaverhead and Pioneer 
mountains appears to be more graben-like, whereas, further north, the basin between the 
Anaconda and Pioneer mountains is narrow and more like a half-graben.  Doughty and 
Sherriff (1992) suggest that the Big Hole accommodated clockwise rotation of the 
Skalkaho block (defined roughly by the Sapphire, Flint Creek, and Anaconda/Pintlar 
mountain ranges), explaining the general widening of the Big Hole toward the south.  
Simple gravity models here support that idea, indicating the basin deepens toward the 
south as well.  The model of Doughty and Sherriff (1992) also suggests the opening of 
the Big Hole was synchronous with Eocene extension of the Bitterroot MCC, implying 
the bulk of Big Hole sediment beneath the surface is Early Oligocene and Eocene.  The 
possible relationship between the apparently east-dipping normal fault on the western 
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edge of the basin to the Anaconda MCC detachment is another indicator that the Big 
Hole began extending in the Eocene. 
The southern end of the basin appears truncated.  Tilted 2-mica fluvial deposits at 
its southeastern edge (Rob’s Outcrop) featuring two sets of southeast-oriented paleoflow 
indicators suggest the presence of a river transporting 2-mica sands from the Chief 
Joseph pluton toward the southeast, implying the Big Hole valley was once open in that 
direction.  The occurrence of 2-mica sands in basins immediately southeast of the Big 
Hole supports the presence of this paleodrainage (Stroup et al., 2007; 2008a; 2008c).  
Deformation apparently cut off this paleodrainage and may explain the observed 20° dip 
to the southeast as well as other deformed bedding nearby.  The paleodrainage apparently 
reversed itself as the current drainage is virtually 180° to the former (at Rob’s Outcrop) 
and its current course is through a gorge in the Pioneer Mountains.  It is unknown 
whether this reversal reflects one deformation event or several.  The youngest detrital 
zircons in Rob’s Outcrop are Eocene and the nearest dated tuff is at Jackson North; 
correlations between the two distant outcrops make dating the fluvial sands impossible.  
No Tertiary sediments are recognized in the Big Hole gorge between the towns of Wise 
River and Divide and an attempt to date a putative Eocene rhyodacite flow north of Wise 
River, which could have defined a land surface, failed due to extensive apparently 
inherited cores in the zircons. 
The sedimentology and detrital zircon population of Oligocene sediments in the 
Pioneer Mountains suggest the Pioneers had some relief in the Oligocene.  Additionally, 
the coarse and thick nature of the deposits suggests Oligocene faulting may have actively 
been creating accommodation space in the Wise River graben.  Though undated, the 
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likely post-26.1 Ma (relative to Jackson North) biotite-rich sediments at Big Hole South 
also indicate a Pioneer Mountains provenance.  This does not preclude later uplift of the 
Pioneers or indicate they attained their current height by the Oligocene, but some 
topography in the Pioneers seems likely to have existed by the Oligocene. 
Detrital zircons from 2-mica sands are problematic in that they consistently do not 
have the expected peak of 75 Ma zircons from the Chief Joseph pluton in the Anaconda 
Range, instead showing peaks at 70-72 Ma.  Experimental differences between the two 
studies cannot explain the gap; confidence in the 70-72 Ma peak observed here is strong 
since it occurred in most samples over several pucks of varying quality analyzed over a 
week.  Since other provenance indicators—detrital muscovite, books of biotite, and 
texturally immature sediment—indicate sediment derivation from local bedrock sources 
(i.e., no sources outside the current physiographic basin, such as the 2-mica granites of 
the Flint Creek Range), it is suggested here that the 75 Ma zircons found by Stroup 
(2008) at the edge of the Anaconda Range are not representative of the actual zircon 
population of the Chief Joseph pluton.  It is possible that the pluton has geologic 
complexity and produces a variety of zircons from various parts of the pluton (e.g. a 
sheeted intrusive structure).   
The absence of the expected 75 Ma zircons in the Big Hole Valley also has 
implications for the Oligocene paleodrainage inferred by Stroup (2008) crossing the 
Pioneer Mountains in to the Divide Valley.  His analysis of detrital zircons from 
Oligocene 2-mica sands near Divide indicates a peak at 74-75 Ma.  Research here 
suggests the sand was either sampled from a different part of the Chief Joseph pluton or 
possibly derived from 2-mica plutons in the Flint Creek Range to the north, which might 
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produce slightly older zircons (Stroup, 2008).  Another possibility is that local zircon 
sources are swamping the zircon signature of the Chief Joseph pluton, which may still be 
the original source of detrital muscovite found in Tertiary basins across southwestern 
Montana.  Further U-Pb and 40Ar/39Ar geochronology of Late Cretaceous 2-mica plutons 
in southwestern Montana would go far in resolving this issue. 
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CONCLUSIONS 
New results from U-Pb geochronology of detrital zircons and air-fall tuff zircons 
demonstrate that Oligocene to Middle Miocene sediments outcrop at the surface of the 
Big Hole basin and in the Wise River graben of the Pioneer Mountains, confirming 
earlier studies of two radiometric dates and finds of Oligocene and Early Miocene fossils.  
Detrital zircons and the mineral content of immature sands suggest the basin-filling 
sediments were derived from local bedrock sources currently found along the rim of the 
modern Big Hole Valley, indicating the modern basin configuration is similar to its 
Tertiary predecessor.  However, detrital zircons and provenance indicators from a thick 
fluvial sand suggest the basin was once open toward the southeast.  Deformation may 
have reversed this paleodrainage, leading to the modern course of the Big Hole River 
through a steep gorge across the Pioneer Mountains. 
Simple subsurface models developed from Bouguer anomalies indicate the basin 
deepens and widens toward the south, changing from a V-shaped profile toward a more 
U-shaped profile.  Combined with limited surface observations, a steep, west-dipping 
normal fault is inferred along the eastern edge of the basin that may be antithetic to a 
larger east-dipping listric fault bounding the western edge of the basin (S. Sherriff, pers. 
comm., 2010).  The Big Hole basin must have been affected by subsequent deformation 
as the existence of a southeast-draining paleodrainage (opposite in direction to modern 
drainages) is documented here and inferred elsewhere (e.g. Stroup, 2008). 
The topographic presence of the Pioneer Mountains in the Oligocene, structural 
arguments for Eocene initiation of extension in the Big Hole, detrital zircon populations, 
and other sedimentary indicators pointing toward local provenance all suggest the Big 
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Hole basin belongs to the class of Early Tertiary basins documented by Janecke (1994) 
and does not belong to the larger “Renova Basin” of Fritz et al. (2007).  This also 
indicates the stratigraphy in the Big Hole is correlative to the Cabbage Patch or Medicine 
Lodge beds and not the Renova and Sixmile Creek formations.   
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Appendix A – LA-ICP-MS data 
 
sample 238U 1 sigma 207Pb 1 sigma 206/238 1 sigma 207/206 1 sigma 
name 206Pb % error 206Pb % error age abs err age abs err 
FRENCH 
CREEK           
Concordant                 
Frenchlarge_1a 84.2970 2.04% 0.0476 3.78% 76.0 1.5 78.3 87.4 
Frenchlarge_2a 80.9369 1.72% 0.0482 2.53% 79.2 1.4 107.1 58.7 
Frenchsmall_10a 91.0213 2.56% 0.0460 5.05% 70.4 1.8 4.5 110.2 
Frenchsmall_14a 85.3344 1.58% 0.0476 2.24% 75.1 1.2 78.0 52.4 
Frenchsmall_16a 87.3179 2.13% 0.0463 4.48% 73.4 1.6 14.1 104.4 
Frenchsmall_1a 232.7954 1.90% 0.0468 2.35% 27.6 0.5 40.6 55.2 
Frenchsmall_23a 224.7763 1.79% 0.0478 2.79% 28.6 0.5 91.4 64.9 
Frenchsmall_26a 89.7357 2.28% 0.0488 3.27% 71.4 1.6 138.3 75.0 
Frenchsmall_29a 228.6578 2.15% 0.0464 2.85% 28.1 0.6 16.3 67.0 
Frenchsmall_36b 89.9498 2.08% 0.0473 2.80% 71.3 1.5 65.8 65.3 
Frenchsmall_44a 89.5625 2.29% 0.0473 3.54% 71.6 1.6 65.4 82.1 
Frenchsmall_46a 100.5642 3.53% 0.0458 3.79% 63.8 2.2 0.0 77.8 
Frenchsmall_50a 86.7213 1.61% 0.0482 2.73% 73.9 1.2 109.8 63.2 
Frenchsmall_54b 3.4367 0.72% 0.1101 0.82% 1646.4 10.5 1801.5 14.9 
Frenchsmall_8a 91.4338 1.60% 0.0480 2.22% 70.1 1.1 99.7 51.7 
Frenchsmall_9a 91.8523 2.05% 0.0468 3.76% 69.8 1.4 41.5 87.5 
           
Discordant          
Frenchlarge_3b 88.0895 2.76% 0.0552 5.26% 72.8 2.0 419.8 113.3 
Frenchsmall_12a 86.9159 2.36% 0.0572 2.86% 73.7 1.7 500.9 61.9 
Frenchsmall_25a 87.9342 2.04% 0.0526 2.40% 72.9 1.5 310.8 53.7 
Frenchsmall_27a 88.7785 1.99% 0.0569 2.59% 72.2 1.4 488.0 56.1 
Frenchsmall_28a 88.4438 2.23% 0.0580 2.51% 72.5 1.6 527.9 54.0 
Frenchsmall_2a 89.5440 2.15% 0.0547 4.11% 71.6 1.5 400.9 89.5 
Frenchsmall_30a 91.9428 2.58% 0.0496 4.26% 69.7 1.8 174.8 96.4 
Frenchsmall_31a 217.3978 2.12% 0.0550 2.77% 29.6 0.6 410.8 60.8 
Frenchsmall_32a 92.1029 2.58% 0.0518 3.77% 69.6 1.8 274.7 84.1 
Frenchsmall_34a 84.9873 1.87% 0.0529 3.16% 75.4 1.4 325.8 70.3 
Frenchsmall_35a 90.0445 1.88% 0.0492 2.78% 71.2 1.3 158.2 63.8 
Frenchsmall_37a 85.4160 1.52% 0.0495 1.81% 75.0 1.1 170.0 41.7 
Frenchsmall_38a 218.5847 2.23% 0.0646 3.93% 29.4 0.7 759.7 80.7 
Frenchsmall_39a 74.6640 1.88% 0.0532 2.85% 85.8 1.6 336.2 63.4 
Frenchsmall_40a 87.6187 1.67% 0.0565 1.89% 73.2 1.2 472.9 41.3 
Frenchsmall_42a 98.0650 1.35% 0.0507 1.22% 65.4 0.9 227.6 27.9 
Frenchsmall_45a 221.7447 2.72% 0.0613 3.75% 29.0 0.8 651.1 78.5 
Frenchsmall_47a 97.2615 2.67% 0.0495 4.45% 65.9 1.8 171.8 100.7 
 91
sample 238U 1 sigma 207Pb 1 sigma 206/238 1 sigma 207/206 1 sigma 
name 206Pb % error 206Pb % error age abs err age abs err 
Frenchsmall_51a 85.0186 1.76% 0.0535 3.36% 75.4 1.3 350.1 74.1 
Frenchsmall_52a 89.9783 1.50% 0.0460 2.91% 71.2 1.1 0.9 65.2 
Frenchsmall_5a 91.8336 2.72% 0.0520 4.88% 69.8 1.9 284.1 107.9 
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sample 238U 1 sigma 207Pb 1 sigma 206/238 1 sigma 207/206 1 sigma 
name 206Pb % error 206Pb % error age abs err age abs err 
ROB'S OUTCROP         
Concordant                 
ROlarge_1a 2.1657 1.35% 0.1640 0.88% 2447.2 27.4 2496.9 14.7 
ROpuck3_10a 3.2452 0.98% 0.1046 1.18% 1731.6 14.8 1706.4 21.6 
ROpuck3_15a 89.0357 1.76% 0.0477 3.52% 72.0 1.3 85.9 81.5 
ROpuck3_18a 3.2084 1.05% 0.1088 0.69% 1749.0 16.1 1779.8 12.4 
ROpuck3_24a 91.5756 1.44% 0.0464 2.50% 70.0 1.0 16.8 59.2 
ROpuck3_26a 3.4103 1.02% 0.1058 0.89% 1657.7 14.9 1728.0 16.2 
ROpuck3_27a 87.4802 1.13% 0.0472 1.62% 73.3 0.8 59.8 38.2 
ROpuck3_28a 94.6202 1.52% 0.0486 2.92% 67.8 1.0 130.4 67.3 
ROpuck3_29a 99.2619 0.96% 0.0475 1.10% 64.6 0.6 72.0 25.9 
ROpuck3_31a 3.5252 0.87% 0.1046 0.79% 1609.8 12.3 1707.5 14.4 
ROpuck3_33a 3.1497 2.03% 0.1107 0.93% 1777.5 31.4 1811.1 16.9 
ROpuck3_35a 99.0613 1.33% 0.0475 2.05% 64.7 0.9 72.8 48.0 
ROpuck3_36a 2.5426 1.31% 0.1427 0.72% 2138.1 23.9 2260.8 12.3 
ROpuck3_41a 89.6150 1.13% 0.0477 1.31% 71.5 0.8 86.5 30.7 
ROpuck3_42a 3.4037 1.02% 0.1052 0.71% 1660.5 15.0 1717.3 13.0 
ROpuck3_4a 3.4375 1.27% 0.1052 1.22% 1646.1 18.4 1717.0 22.2 
ROpuck3_5a 1.9331 3.83% 0.1784 1.32% 2687.8 83.7 2638.1 21.7 
ROpuck3_7a 87.6728 2.52% 0.0494 4.13% 73.1 1.8 164.9 93.8 
ROpuck4_11a 2.1789 1.90% 0.1628 0.47% 2434.9 38.4 2484.5 7.8 
ROpuck4_12a 3.2838 1.93% 0.1073 0.50% 1713.7 29.0 1754.1 9.2 
ROpuck4_16a 130.7931 1.96% 0.0472 1.03% 49.1 1.0 60.8 24.5 
ROpuck4_17a 95.5479 1.96% 0.0474 1.27% 67.1 1.3 71.4 29.8 
ROpuck4_20a 93.2157 2.09% 0.0479 1.90% 68.8 1.4 96.6 44.4 
ROpuck4_22a 3.4198 0.77% 0.1051 0.76% 1653.6 11.3 1716.8 13.8 
ROpuck4_27a 3.3887 0.65% 0.1049 0.73% 1666.9 9.5 1712.4 13.4 
ROpuck4_28a 2.3894 0.67% 0.1556 0.71% 2253.7 12.8 2408.0 12.0 
ROpuck4_30a 3.3603 0.68% 0.1048 0.77% 1679.4 10.0 1710.8 14.2 
ROpuck4_31a 91.7932 1.14% 0.0480 1.38% 69.8 0.8 99.3 32.3 
ROpuck4_32a 95.6664 1.12% 0.0476 1.74% 67.0 0.7 81.1 40.7 
ROpuck4_33a 3.4778 1.03% 0.1064 0.77% 1629.2 14.9 1738.9 14.1 
ROpuck4_34a 3.5133 0.96% 0.1065 0.78% 1614.7 13.6 1740.0 14.2 
ROpuck4_35a 3.5943 1.18% 0.1068 0.77% 1582.4 16.5 1745.1 14.0 
ROpuck4_37a 94.9231 0.94% 0.0477 1.05% 67.6 0.6 86.9 24.7 
ROpuck4_39a 2.3723 0.91% 0.1628 0.73% 2267.5 17.4 2485.5 12.3 
ROpuck4_40a 92.6100 0.95% 0.0479 1.13% 69.2 0.7 95.1 26.6 
ROpuck4_46a 88.6156 1.12% 0.0474 1.55% 72.3 0.8 67.4 36.5 
ROpuck4_48a 93.7986 1.24% 0.0464 2.22% 68.4 0.8 17.5 52.5 
ROpuck4_50a 95.2527 1.20% 0.0470 1.28% 67.3 0.8 48.1 30.4 
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sample 238U 1 sigma 207Pb 1 sigma 206/238 1 sigma 207/206 1 sigma 
name 206Pb % error 206Pb % error age abs err age abs err 
ROpuck4_51a 3.5381 1.48% 0.1016 0.48% 1604.6 20.9 1652.9 8.9 
ROpuck4_52a 96.8234 1.53% 0.0477 1.53% 66.2 1.0 84.4 35.8 
ROpuck4_53a 3.3289 1.35% 0.1073 0.52% 1693.3 20.1 1754.7 9.5 
ROpuck4_54a 97.0755 1.44% 0.0476 1.28% 66.1 0.9 79.4 30.1 
ROpuck4_55a 2.2612 1.34% 0.1613 0.47% 2360.6 26.4 2469.6 7.9 
ROpuck4_57a 3.4138 1.32% 0.1047 0.48% 1656.1 19.3 1709.4 8.7 
ROpuck4_5a 89.3518 1.17% 0.0474 1.65% 71.7 0.8 70.0 38.8 
ROpuck4_60a 3.4126 1.30% 0.1042 0.47% 1656.7 19.0 1699.8 8.7 
ROpuck4_61a 91.1324 2.33% 0.0471 2.06% 70.4 1.6 52.1 48.7 
ROpuck4_64b 97.6705 2.88% 0.0471 3.63% 65.7 1.9 55.3 84.4 
ROpuck4_65a 91.5008 2.27% 0.0477 1.54% 70.1 1.6 82.8 36.1 
ROpuck4_67a 96.2617 2.24% 0.0471 1.33% 66.6 1.5 54.4 31.4 
ROpuck4_68a 99.4634 2.26% 0.0480 1.59% 64.5 1.5 99.8 37.3 
ROpuck4_70a 3.4605 1.33% 0.1051 0.36% 1636.4 19.2 1716.3 6.5 
ROpuck4_73a 2.1667 1.31% 0.1620 0.31% 2446.3 26.7 2476.7 5.2 
ROpuck4_74a 90.9355 1.46% 0.0475 1.47% 70.5 1.0 73.9 34.6 
ROpuck4_7a 3.4739 1.22% 0.1041 0.52% 1630.8 17.5 1698.2 9.5 
ROpuck4_8a 92.4800 1.40% 0.0477 2.67% 69.3 1.0 85.2 62.2 
ROsmall_12a 89.8445 1.49% 0.0472 2.02% 71.4 1.1 61.0 47.4 
ROsmall_13a 91.3045 1.42% 0.0476 1.66% 70.2 1.0 80.8 39.0 
ROsmall_14a 3.3870 1.15% 0.1070 0.54% 1667.7 16.8 1749.1 9.8 
ROsmall_15a 89.4923 1.47% 0.0474 2.17% 71.6 1.0 71.7 50.8 
ROsmall_16a 3.7009 1.50% 0.1057 0.64% 1541.8 20.5 1726.0 11.7 
ROsmall_17a 3.2442 1.21% 0.1055 0.59% 1732.1 18.4 1723.0 10.8 
ROsmall_18a 3.6308 2.55% 0.1050 0.53% 1568.3 35.5 1713.7 9.7 
ROsmall_19a 93.6229 2.74% 0.0478 2.31% 68.5 1.9 87.3 54.0 
ROsmall_1a 2.3342 2.52% 0.1815 0.51% 2298.6 48.6 2666.7 8.4 
ROsmall_21a 97.8979 2.58% 0.0473 1.49% 65.5 1.7 65.4 35.1 
ROsmall_22a 91.5238 2.70% 0.0479 1.72% 70.1 1.9 92.4 40.3 
ROsmall_24a 91.3844 2.77% 0.0484 2.67% 70.2 1.9 119.1 61.7 
ROsmall_27a 91.8738 2.43% 0.0462 3.42% 69.8 1.7 7.1 80.1 
ROsmall_28a 95.7281 2.31% 0.0478 2.87% 67.0 1.5 87.9 66.7 
ROsmall_29b 3.8677 1.93% 0.0974 0.73% 1482.4 25.5 1574.8 13.6 
ROsmall_4a 89.9756 2.61% 0.0478 2.32% 71.3 1.8 91.5 54.1 
ROsmall_5a 3.4476 2.40% 0.1048 0.55% 1641.8 34.7 1711.0 10.2 
ROsmall_6a 98.5284 2.55% 0.0474 1.56% 65.1 1.7 67.8 36.7 
ROsmall_9a 89.7159 1.62% 0.0478 2.71% 71.5 1.2 90.8 63.1 
           
Discordant          
ROlarge_5a 89.6961 1.55% 0.0489 1.54% 71.5 1.1 141.4 35.6 
ROlarge_7a 123.3027 1.61% 0.0498 2.22% 52.1 0.8 183.9 50.8 
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sample 238U 1 sigma 207Pb 1 sigma 206/238 1 sigma 207/206 1 sigma 
name 206Pb % error 206Pb % error age abs err age abs err 
ROlarge_9a 86.4439 1.83% 0.0546 2.59% 74.1 1.3 396.6 57.1 
ROpuck3_14a 90.0956 2.15% 0.0503 3.49% 71.2 1.5 207.4 79.1 
ROpuck3_17a 3.9158 1.14% 0.1137 0.53% 1466.1 15.0 1859.0 9.5 
ROpuck3_19a 128.6761 1.18% 0.0459 1.50% 49.9 0.6 0.0 28.3 
ROpuck3_20a 93.7288 1.31% 0.0464 1.45% 68.4 0.9 20.6 34.6 
ROpuck3_23a 4.9511 1.23% 0.1041 0.87% 1185.9 13.3 1697.7 15.9 
ROpuck3_25a 97.4903 1.06% 0.0493 1.42% 65.8 0.7 162.8 33.0 
ROpuck3_32a 111.8002 3.04% 0.0502 4.24% 57.4 1.7 206.3 95.6 
ROpuck3_37a 89.0799 1.73% 0.0435 3.44% 72.0 1.2 0.0 0.0 
ROpuck3_38a 107.9528 3.27% 0.0455 2.19% 59.4 1.9 0.0 22.7 
ROpuck3_39a 93.3429 1.32% 0.0512 2.05% 68.7 0.9 248.8 46.4 
ROpuck4_10a 95.8057 1.21% 0.0465 1.75% 66.9 0.8 21.9 41.1 
ROpuck4_14a 93.2940 2.24% 0.0653 2.31% 68.7 1.5 784.0 47.9 
ROpuck4_18a 89.8831 2.07% 0.0493 1.98% 71.3 1.5 163.3 45.7 
ROpuck4_1a 90.6578 1.47% 0.0495 2.70% 70.7 1.0 169.5 61.8 
ROpuck4_21a 91.8203 0.96% 0.0465 1.81% 69.8 0.7 22.2 42.9 
ROpuck4_23a 96.2647 0.66% 0.0486 0.89% 66.6 0.4 130.9 20.8 
ROpuck4_24a 91.9207 0.97% 0.0458 1.52% 69.8 0.7 0.1 21.3 
ROpuck4_26a 3.9155 0.73% 0.1071 0.74% 1466.2 9.6 1750.1 13.4 
ROpuck4_38a 97.0566 1.24% 0.0495 1.96% 66.1 0.8 170.9 45.1 
ROpuck4_3a 89.9290 1.56% 0.0519 2.46% 71.3 1.1 280.2 55.4 
ROpuck4_41a 92.3862 1.30% 0.0500 1.73% 69.4 0.9 195.4 39.7 
ROpuck4_43a 93.1791 1.38% 0.0490 2.11% 68.8 0.9 150.1 48.7 
ROpuck4_45a 96.1879 1.33% 0.0485 2.24% 66.7 0.9 122.5 52.0 
ROpuck4_49a 91.7189 1.25% 0.0482 1.61% 69.9 0.9 109.5 37.7 
ROpuck4_58a 90.7514 1.43% 0.0459 1.39% 70.6 1.0 0.3 27.7 
ROpuck4_62a 85.8030 2.50% 0.0558 1.74% 74.7 1.9 445.8 38.1 
ROpuck4_63a 95.4292 2.30% 0.0460 1.92% 67.2 1.5 2.8 42.9 
ROpuck4_69a 96.4091 2.34% 0.0462 1.84% 66.5 1.5 9.5 43.8 
ROpuck4_6a 84.4814 1.85% 0.0521 2.29% 75.9 1.4 288.8 51.5 
ROpuck4_71a 94.7047 1.69% 0.0501 1.97% 67.7 1.1 200.8 45.1 
ROpuck4_9a 93.2419 1.36% 0.0446 2.02% 68.8 0.9 0.0 0.0 
ROsmall_11a 97.2585 1.60% 0.0450 2.33% 65.9 1.0 0.0 0.2 
ROsmall_20a 90.7446 2.73% 0.0502 2.02% 70.7 1.9 203.1 46.1 
ROsmall_25b 90.1498 2.77% 0.0432 2.48% 71.1 2.0 0.0 0.0 
ROsmall_26a 90.9689 2.49% 0.0481 0.74% 70.5 1.7 106.2 17.5 
ROsmall_3a 84.0682 2.71% 0.0484 1.48% 76.2 2.1 119.2 34.4 
ROsmall_7a 91.4865 2.47% 0.0494 1.34% 70.1 1.7 168.4 31.1 
           
206/207 only          
ROlarge_4a 2.4788 1.38% 0.1731 0.85% 2184.8 25.6 2588.1 14.2 
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sample 238U 1 sigma 207Pb 1 sigma 206/238 1 sigma 207/206 1 sigma 
name 206Pb % error 206Pb % error age abs err age abs err 
ROpuck4_19a 26.4230 3.33% 0.1011 0.60% 239.5 7.8 1644.8 11.1 
ROpuck4_4a 11.8521 5.60% 0.1589 0.45% 522.2 28.0 2443.8 7.5 
ROpuck4_59a -83.4856 147.77% 0.1613 0.63% -77.7 -116.5 2469.2 10.7 
ROpuck4_66a 2.9514 2.20% 0.1688 0.43% 1881.0 35.8 2546.0 7.1 
ROsmall_16a 3.7009 1.50% 0.1057 0.64% 1541.8 20.5 1726.0 11.7 
ROsmall_16b 2.9918 1.39% 0.1061 0.66% 1858.9 22.4 1733.9 12.1 
ROsmall_23a 7.5906 2.72% 0.0903 0.76% 797.8 20.4 1432.6 14.4 
ROsmall_30a 17.4734 2.33% 0.1055 0.72% 358.8 8.1 1723.2 13.1 
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sample 238U 1 sigma 207Pb 1 sigma 206/238 1 sigma 207/206 1 sigma 
name 206Pb % error 206Pb % error age abs err age abs err 
WISDOM NORTH - ABOVE 
UNCONFORMITY        
Concordant                 
WNAUlarge_15a 88.2445 2.15% 0.0477 2.49% 72.6 1.6 84.4 58.0 
WNAUlarge_18a 3.0885 1.72% 0.1066 1.23% 1808.2 27.1 1742.3 22.4 
WNAUlarge_1b 92.8898 3.02% 0.0482 2.56% 69.0 2.1 110.7 59.3 
WNAUlarge_20a 91.5174 1.85% 0.0475 1.99% 70.1 1.3 72.9 46.6 
WNAUlarge_22a 84.9199 1.98% 0.0473 2.41% 75.5 1.5 66.1 56.3 
WNAUlarge_23a 84.6947 1.96% 0.0484 2.20% 75.7 1.5 120.5 51.0 
WNAUlarge_24a 3.2840 1.77% 0.1081 1.44% 1713.6 26.5 1767.9 26.1 
WNAUlarge_26a 2.9273 1.82% 0.1097 1.41% 1894.4 29.8 1794.6 25.5 
WNAUlarge_31a 88.7500 1.67% 0.0477 1.65% 72.2 1.2 82.7 38.6 
WNAUlarge_33a 3.3158 1.56% 0.1094 1.25% 1699.2 23.3 1789.6 22.6 
WNAUlarge_36a 3.3991 1.57% 0.1023 1.28% 1662.5 23.0 1666.9 23.5 
WNAUlarge_37a 90.8208 2.08% 0.0474 3.45% 70.6 1.5 71.8 80.0 
WNAUlarge_38a 3.6326 1.61% 0.1026 1.27% 1567.6 22.3 1671.6 23.3 
WNAUlarge_39a 3.2596 1.55% 0.1063 1.25% 1724.9 23.4 1736.1 22.7 
WNAUlarge_46b 1.8647 1.56% 0.1834 1.23% 2767.8 35.1 2683.9 20.2 
WNAUlarge_48a 3.2409 1.53% 0.1059 1.22% 1733.6 23.2 1729.6 22.3 
WNAUlarge_49a 89.7227 2.05% 0.0464 2.58% 71.5 1.5 18.2 61.0 
WNAUlarge_50a 3.1774 1.89% 0.1071 1.71% 1763.9 29.1 1750.5 31.0 
WNAUlarge_51a 86.1857 2.06% 0.0476 2.60% 74.4 1.5 79.6 60.6 
WNAUlarge_53a 3.1413 1.88% 0.1063 1.70% 1781.6 29.2 1736.9 30.9 
WNAUlarge_54a 3.5711 1.87% 0.1074 1.69% 1591.5 26.4 1756.4 30.6 
WNAUlarge_57a 93.1206 1.94% 0.0474 2.10% 68.9 1.3 71.0 49.3 
WNAUlarge_58a 92.2944 2.04% 0.0465 2.47% 69.5 1.4 22.1 58.3 
WNAUlarge_5a 3.2351 1.77% 0.1058 0.90% 1736.3 26.8 1728.9 16.5 
WNAUlarge_61a 3.2142 2.18% 0.1060 1.71% 1746.2 33.2 1732.2 31.1 
WNAUlarge_64a 90.7916 2.41% 0.0470 2.81% 70.6 1.7 47.6 65.7 
WNAUlarge_65a 3.3739 2.21% 0.1029 1.78% 1673.4 32.5 1676.5 32.6 
WNAUlarge_6a 3.0815 1.53% 0.1088 0.85% 1811.7 24.1 1780.1 15.5 
WNAUlarge_8a 3.1143 1.54% 0.1067 0.89% 1795.1 24.1 1744.2 16.2 
WNAUpuck4_10a 2.8303 1.79% 0.1116 0.48% 1950.4 30.1 1825.1 8.6 
WNAUpuck4_12a 93.8680 2.60% 0.0475 1.54% 68.3 1.8 72.2 36.2 
WNAUpuck4_17a 92.7857 2.83% 0.0471 1.74% 69.1 1.9 53.5 41.1 
WNAUpuck4_18a 97.8246 2.67% 0.0472 1.98% 65.6 1.7 57.7 46.6 
WNAUpuck4_19a 3.0624 2.49% 0.1114 0.50% 1821.6 39.4 1822.9 9.0 
WNAUpuck4_1a 2.8941 1.74% 0.1074 0.32% 1913.2 28.8 1756.3 5.8 
WNAUpuck4_20a 3.4999 2.49% 0.1049 0.50% 1620.1 35.6 1711.8 9.1 
WNAUpuck4_21a 2.1931 2.53% 0.1633 0.50% 2421.8 50.9 2489.8 8.4 
WNAUpuck4_22a 88.9210 2.71% 0.0472 2.23% 72.1 1.9 61.9 52.3 
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sample 238U 1 sigma 207Pb 1 sigma 206/238 1 sigma 207/206 1 sigma 
name 206Pb % error 206Pb % error age abs err age abs err 
WNAUpuck4_25a 94.6502 2.56% 0.0477 1.32% 67.8 1.7 86.5 31.0 
WNAUpuck4_28a 94.9926 2.74% 0.0476 1.77% 67.5 1.8 77.9 41.5 
WNAUpuck4_29a 3.4317 2.58% 0.1031 0.49% 1648.5 37.4 1681.2 9.1 
WNAUpuck4_31a 3.2237 2.19% 0.1048 0.57% 1741.7 33.3 1710.0 10.4 
WNAUpuck4_32a 3.2108 2.20% 0.1079 0.53% 1747.8 33.5 1764.9 9.6 
WNAUpuck4_33a 94.4213 2.19% 0.0471 1.04% 67.9 1.5 56.0 24.6 
WNAUpuck4_34a 3.2267 2.13% 0.1088 0.50% 1740.3 32.4 1779.7 9.1 
WNAUpuck4_36a 3.3113 2.16% 0.1066 0.64% 1701.2 32.3 1741.4 11.6 
WNAUpuck4_37a 2.1485 2.13% 0.1602 0.51% 2463.5 43.4 2458.3 8.6 
WNAUpuck4_39a 2.3836 2.46% 0.1530 0.54% 2258.4 46.7 2379.4 9.2 
WNAUpuck4_3a 3.3913 1.72% 0.1062 0.38% 1665.8 25.2 1735.3 6.9 
WNAUpuck4_40a 3.1740 2.19% 0.1115 0.64% 1765.5 33.8 1824.7 11.6 
WNAUpuck4_41a 3.3308 1.94% 0.1044 0.71% 1692.5 28.8 1702.9 13.0 
WNAUpuck4_42a 2.2612 1.78% 0.1592 0.65% 2360.7 35.1 2447.4 10.9 
WNAUpuck4_46a 95.6717 1.99% 0.0473 1.85% 67.0 1.3 62.7 43.5 
WNAUpuck4_49a 88.3612 2.25% 0.0465 3.27% 72.5 1.6 26.0 76.7 
WNAUpuck4_4a 3.2716 1.78% 0.1082 0.46% 1719.3 26.8 1769.3 8.4 
WNAUpuck4_50a 3.1800 1.76% 0.1088 0.69% 1762.6 27.0 1778.7 12.6 
WNAUpuck4_7a 1.8497 1.74% 0.2137 0.30% 2786.1 39.3 2933.6 4.9 
WNAUpuck4_9a 3.6123 2.20% 0.1053 0.42% 1575.4 30.6 1719.5 7.6 
WNAUsmall_10a 3.3811 1.24% 0.1041 0.58% 1670.3 18.3 1698.5 10.6 
WNAUsmall_12a 90.1284 1.53% 0.0477 2.14% 71.1 1.1 82.1 50.1 
WNAUsmall_14a 92.8523 1.51% 0.0469 1.54% 69.1 1.0 42.8 36.5 
WNAUsmall_15a 3.1053 2.37% 0.1108 0.69% 1799.6 37.2 1812.5 12.5 
WNAUsmall_16a 93.1586 2.09% 0.0466 3.17% 68.8 1.4 30.8 74.2 
WNAUsmall_17a 93.1992 1.72% 0.0477 2.12% 68.8 1.2 83.4 49.6 
WNAUsmall_18a 3.5426 1.26% 0.1045 0.60% 1602.8 17.9 1704.7 11.0 
WNAUsmall_1a 86.3709 1.68% 0.0476 2.17% 74.2 1.2 79.9 50.7 
WNAUsmall_21a 88.0454 1.52% 0.0471 2.47% 72.8 1.1 55.3 57.9 
WNAUsmall_22b 86.2305 1.76% 0.0477 2.23% 74.3 1.3 86.1 52.1 
WNAUsmall_23a 85.5013 1.47% 0.0477 1.70% 75.0 1.1 86.3 39.9 
WNAUsmall_24a 3.3128 1.19% 0.1042 0.50% 1700.5 17.8 1699.7 9.2 
WNAUsmall_25a 88.3226 1.67% 0.0475 2.22% 72.6 1.2 72.1 51.9 
WNAUsmall_28a 86.9975 1.31% 0.0475 1.42% 73.7 1.0 73.1 33.3 
WNAUsmall_29a 95.5497 2.47% 0.0480 1.50% 67.1 1.6 99.2 35.1 
WNAUsmall_30a 94.7733 2.47% 0.0473 1.45% 67.7 1.7 63.1 34.2 
WNAUsmall_6a 3.3459 1.32% 0.1050 0.93% 1685.7 19.5 1715.1 17.0 
WNAUsmall_7a 3.2475 1.33% 0.1076 0.93% 1730.5 20.1 1758.5 16.8 
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sample 238U 1 sigma 207Pb 1 sigma 206/238 1 sigma 207/206 1 sigma 
name 206Pb % error 206Pb % error age abs err age abs err 
Discordant          
WNAUlarge_12a 91.2450 2.19% 0.0566 2.41% 70.3 1.5 477.4 52.4 
WNAUlarge_13a 85.0209 2.32% 0.0491 2.79% 75.4 1.7 153.6 64.0 
WNAUlarge_16a 3.8952 1.75% 0.1030 1.24% 1473.1 23.0 1679.7 22.8 
WNAUlarge_19a 4.9678 2.02% 0.0983 1.27% 1182.3 21.8 1593.0 23.6 
WNAUlarge_21a 79.6235 1.93% 0.0457 2.09% 80.5 1.5 0.0 29.5 
WNAUlarge_25a 84.4949 3.93% 0.0432 11.23% 75.8 3.0 0.0 103.6 
WNAUlarge_27a 80.4953 1.91% 0.0486 1.88% 79.6 1.5 126.3 43.8 
WNAUlarge_29a 85.3122 1.97% 0.0542 2.48% 75.1 1.5 380.8 54.9 
WNAUlarge_2a 93.5561 2.10% 0.0495 1.30% 68.5 1.4 169.7 30.1 
WNAUlarge_30a 85.0545 1.96% 0.0486 1.91% 75.3 1.5 129.7 44.3 
WNAUlarge_32a 95.3645 2.01% 0.0460 2.85% 67.2 1.3 1.8 61.9 
WNAUlarge_41a 81.9808 1.81% 0.0526 2.29% 78.2 1.4 309.6 51.2 
WNAUlarge_44a 84.8246 1.70% 0.0485 1.84% 75.6 1.3 125.8 42.7 
WNAUlarge_46a 87.9278 1.67% 0.0495 1.99% 72.9 1.2 170.7 45.9 
WNAUlarge_47a 92.5098 1.98% 0.0484 2.02% 69.3 1.4 118.6 47.0 
WNAUlarge_55a 93.0012 2.14% 0.0442 2.92% 68.9 1.5 0.0 0.0 
WNAUlarge_56a 90.7802 2.17% 0.0419 3.35% 70.6 1.5 0.0 0.0 
WNAUlarge_62a 97.4032 2.26% 0.0485 2.04% 65.8 1.5 122.5 47.4 
WNAUlarge_63a 87.5713 2.28% 0.0485 2.12% 73.2 1.7 126.1 49.1 
WNAUpuck4_13a 93.7825 2.75% 0.0455 2.07% 68.4 1.9 0.0 22.5 
WNAUpuck4_14a 133.8201 2.71% 0.0479 1.94% 48.0 1.3 95.3 45.4 
WNAUpuck4_15a 97.3617 2.89% 0.0457 2.31% 65.9 1.9 0.2 37.0 
WNAUpuck4_16a 91.7588 3.21% 0.0490 2.74% 69.9 2.2 147.6 63.1 
WNAUpuck4_30a 89.5605 2.71% 0.0458 1.48% 71.6 1.9 0.3 24.0 
WNAUpuck4_43a 94.4072 1.89% 0.0457 1.42% 67.9 1.3 0.0 14.8 
WNAUpuck4_48a 95.8581 2.21% 0.0504 2.87% 66.9 1.5 212.0 65.2 
WNAUpuck4_5a 94.6783 1.91% 0.0447 1.89% 67.7 1.3 0.0 0.0 
WNAUsmall_26a 89.4863 1.25% 0.0486 1.46% 71.6 0.9 129.8 34.1 
WNAUsmall_27a 90.5389 1.28% 0.0468 1.57% 70.8 0.9 40.1 37.0 
WNAUsmall_2a 86.3965 1.59% 0.0492 2.09% 74.2 1.2 157.2 48.3 
WNAUsmall_3a 91.1161 1.71% 0.0511 2.40% 70.4 1.2 244.7 54.5 
WNAUsmall_8a 94.0802 1.58% 0.0498 2.19% 68.2 1.1 183.5 50.2 
WNAUsmall_9a 91.5689 1.90% 0.0482 3.51% 70.0 1.3 109.4 80.8 
           
206/207 only          
WNAUlarge_34a 2.3718 1.83% 0.1467 1.30% 2267.9 34.9 2308.4 22.2 
WNAUlarge_40a 3.3389 1.58% 0.1035 1.26% 1688.8 23.4 1687.4 23.0 
WNAUlarge_45a 3.0238 1.85% 0.1323 1.28% 1841.8 29.6 2129.3 22.3 
WNAUpuck4_11a 8.9272 7.73% 0.1389 0.71% 684.5 50.0 2213.1 12.2 
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sample 238U 1 sigma 207Pb 1 sigma 206/238 1 sigma 207/206 1 sigma 
name 206Pb % error 206Pb % error age abs err age abs err 
WNAUpuck4_23a 13.9732 2.56% 0.0937 0.77% 445.6 11.0 1502.0 14.5 
WNAUpuck4_35a 105.6533 55.00% 0.1604 0.57% -61.3 -34.0 2459.7 9.7 
WNAUpuck4_44a 5.1965 2.52% 0.1540 0.72% 1134.6 26.2 2390.8 12.2 
WNAUpuck4_6a 9.4890 2.19% 0.1392 0.45% 645.9 13.4 2217.9 7.7 
WNAUpuck4_8a 7.8372 1.86% 0.1071 0.44% 774.1 13.5 1750.1 8.0 
WNAUsmall_13a 9.2289 1.95% 0.1023 0.58% 663.2 12.3 1666.8 10.6 
WNAUsmall_4b 5.8313 2.72% 0.1034 1.27% 1020.3 25.6 1686.2 23.3 
WNAUsmall_4c 3.6349 1.35% 0.1029 0.92% 1566.7 18.7 1677.1 16.9 
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sample 238U 1 sigma 207Pb 1 sigma 206/238 1 sigma 207/206 1 sigma 
name 206Pb % error 206Pb % error age abs err age abs err 
WISDOM NORTH - BELOW UNCONFORMITY      
Concordant                 
WNBUlarge_10a 3.3890 3.05% 0.1066 2.20% 1666.8 44.6 1741.4 39.7 
WNBUlarge_12a 3.2300 2.92% 0.1063 2.18% 1738.7 44.3 1736.8 39.5 
WNBUlarge_14a 3.1740 3.17% 0.1098 2.21% 1765.6 48.8 1795.5 39.8 
WNBUlarge_15a 3.2560 3.06% 0.1054 2.20% 1726.5 46.2 1721.9 39.9 
WNBUlarge_17a 89.9571 4.20% 0.0482 3.33% 71.3 3.0 111.4 76.7 
WNBUlarge_22a 92.0787 2.95% 0.0480 2.64% 69.6 2.0 100.8 61.3 
WNBUlarge_24b 1.7220 2.77% 0.2082 2.23% 2951.7 65.2 2891.6 35.8 
WNBUlarge_25a 90.1013 3.14% 0.0470 3.49% 71.2 2.2 51.6 81.2 
WNBUlarge_28a 91.4224 2.73% 0.0481 2.59% 70.1 1.9 105.8 60.1 
WNBUlarge_29a 3.3686 2.72% 0.1057 2.28% 1675.7 40.0 1726.7 41.4 
WNBUlarge_2a 92.4668 2.82% 0.0474 3.07% 69.3 1.9 69.9 71.4 
WNBUlarge_30a 98.2862 2.83% 0.0486 3.83% 65.3 1.8 128.6 87.8 
WNBUlarge_32a 95.9785 2.90% 0.0465 3.64% 66.8 1.9 25.0 84.7 
WNBUlarge_34a 3.3372 2.44% 0.1041 2.18% 1689.6 36.2 1698.2 39.6 
WNBUlarge_36a 126.0032 2.94% 0.0471 5.29% 51.0 1.5 56.6 121.5 
WNBUlarge_37a 3.0079 2.93% 0.1044 2.25% 1850.3 47.0 1703.7 40.8 
WNBUlarge_39a 84.1004 3.01% 0.0465 3.15% 76.2 2.3 21.3 73.9 
WNBUlarge_3a 91.3045 2.86% 0.0482 3.14% 70.2 2.0 107.1 72.6 
WNBUlarge_40a 3.4445 1.64% 0.1048 1.89% 1643.1 23.8 1710.5 34.4 
WNBUlarge_41a 2.0343 3.32% 0.1887 2.00% 2577.4 70.2 2731.3 32.5 
WNBUlarge_41b 1.9453 2.84% 0.1876 1.96% 2673.9 61.8 2721.5 31.9 
WNBUlarge_43a 96.7938 2.33% 0.0483 3.19% 66.3 1.5 116.0 73.5 
WNBUlarge_45a 93.0405 2.68% 0.0486 3.15% 68.9 1.8 127.7 72.5 
WNBUlarge_46a 3.2291 2.45% 0.1058 2.14% 1739.2 37.2 1729.0 38.8 
WNBUlarge_47a 90.5659 1.90% 0.0468 2.87% 70.8 1.3 37.3 67.2 
WNBUlarge_48a 3.2888 1.69% 0.1066 2.10% 1711.4 25.3 1741.5 38.0 
WNBUlarge_4b 128.1177 3.15% 0.0467 3.11% 50.1 1.6 35.8 73.0 
WNBUlarge_50a 3.2595 1.66% 0.1054 2.09% 1724.9 25.1 1721.4 37.9 
WNBUlarge_51a 95.5375 1.89% 0.0474 2.53% 67.1 1.3 69.7 59.1 
WNBUlarge_54a 94.5200 2.58% 0.0482 2.54% 67.8 1.7 108.6 59.0 
WNBUlarge_56a 2.6629 2.50% 0.1204 2.11% 2055.4 43.9 1962.9 37.2 
WNBUlarge_58a 97.8774 3.20% 0.0486 4.02% 65.5 2.1 129.7 91.9 
WNBUlarge_61a 100.1677 2.66% 0.0478 2.39% 64.0 1.7 87.2 55.6 
WNBUlarge_6a 93.5527 2.83% 0.0484 2.94% 68.5 1.9 119.2 67.9 
WNBUlarge_7a 91.0419 3.10% 0.0486 3.08% 70.4 2.2 128.3 70.9 
WNBUlarge_9a 3.1531 2.86% 0.1070 2.79% 1775.8 44.3 1749.4 50.2 
WNBUpuck4_11a 3.3745 2.60% 0.1079 0.98% 1673.1 38.2 1763.7 17.8 
WNBUpuck4_12a 2.1607 2.66% 0.1719 0.98% 2452.0 54.1 2576.1 16.3 
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sample 238U 1 sigma 207Pb 1 sigma 206/238 1 sigma 207/206 1 sigma 
name 206Pb % error 206Pb % error age abs err age abs err 
WNBUpuck4_13a 91.8215 2.65% 0.0482 1.50% 69.8 1.8 107.9 35.1 
WNBUpuck4_14a 3.4037 2.59% 0.1042 1.04% 1660.5 37.8 1701.1 19.0 
WNBUpuck4_16a 87.5394 2.75% 0.0478 2.50% 73.2 2.0 88.5 58.2 
WNBUpuck4_17a 91.0022 2.67% 0.0474 1.71% 70.5 1.9 69.0 40.1 
WNBUpuck4_19a 3.2797 2.61% 0.1069 0.98% 1715.6 39.1 1746.9 17.9 
WNBUpuck4_1a 3.2660 0.91% 0.1037 0.92% 1721.9 13.7 1691.6 16.9 
WNBUpuck4_21a 2.4384 2.64% 0.1576 0.75% 2215.4 49.4 2429.9 12.7 
WNBUpuck4_22a 2.2021 2.66% 0.1615 0.75% 2413.5 53.2 2471.9 12.6 
WNBUpuck4_24a 134.7004 2.76% 0.0478 2.06% 47.7 1.3 87.0 48.1 
WNBUpuck4_26a 94.6916 2.74% 0.0479 1.95% 67.7 1.8 92.7 45.5 
WNBUpuck4_28a 3.5427 2.56% 0.1052 0.70% 1602.8 36.2 1717.2 12.9 
WNBUpuck4_2a 89.4307 1.19% 0.0476 1.62% 71.7 0.8 78.9 37.9 
WNBUpuck4_30a 97.6227 2.87% 0.0473 1.36% 65.7 1.9 65.0 32.1 
WNBUpuck4_31a 4.1647 0.89% 0.0914 0.76% 1387.3 11.1 1454.1 14.4 
WNBUpuck4_33a 3.5080 0.67% 0.1054 0.68% 1616.8 9.5 1721.5 12.4 
WNBUpuck4_35a 3.4981 1.26% 0.1078 0.69% 1620.8 18.1 1762.3 12.6 
WNBUpuck4_36a 3.3632 0.69% 0.1048 0.66% 1678.1 10.2 1710.0 12.1 
WNBUpuck4_37a 3.2959 0.70% 0.1048 0.70% 1708.2 10.5 1711.4 12.7 
WNBUpuck4_38a 3.2450 0.76% 0.1085 0.66% 1731.7 11.5 1774.2 12.0 
WNBUpuck4_3a 2.2094 1.14% 0.1617 0.92% 2406.8 22.8 2473.4 15.5 
WNBUpuck4_41a 94.1645 1.01% 0.0477 1.41% 68.1 0.7 86.0 33.0 
WNBUpuck4_42a 3.2292 0.76% 0.1086 0.60% 1739.1 11.6 1775.6 10.8 
WNBUpuck4_44a 3.2526 0.73% 0.1073 0.53% 1728.1 11.0 1753.9 9.7 
WNBUpuck4_45a 96.1098 1.27% 0.0482 2.10% 66.7 0.8 110.8 48.9 
WNBUpuck4_46a 3.1276 0.76% 0.1084 0.62% 1788.5 11.9 1772.6 11.3 
WNBUpuck4_48a 92.6917 1.33% 0.0473 3.60% 69.2 0.9 66.9 83.6 
WNBUpuck4_49a 3.3394 0.58% 0.1066 0.56% 1688.6 8.6 1742.2 10.2 
WNBUpuck4_50a 3.4072 0.54% 0.1049 0.54% 1659.0 7.9 1711.7 9.8 
WNBUpuck4_5a 3.3931 0.91% 0.1056 0.96% 1665.0 13.3 1724.5 17.5 
WNBUpuck4_6a 3.3080 0.93% 0.1050 1.00% 1702.7 14.0 1715.1 18.3 
WNBUsmall_11a 91.4418 1.75% 0.0476 3.19% 70.1 1.2 81.6 74.0 
WNBUsmall_12a 85.7384 1.35% 0.0472 1.60% 74.8 1.0 60.4 37.7 
WNBUsmall_13a 89.9029 1.44% 0.0473 1.88% 71.3 1.0 65.1 44.1 
WNBUsmall_14a 95.6615 1.75% 0.0482 2.48% 67.0 1.2 110.5 57.6 
WNBUsmall_15a 91.8777 1.35% 0.0475 2.34% 69.8 0.9 75.2 54.6 
WNBUsmall_16a 83.4014 1.28% 0.0479 1.31% 76.8 1.0 94.7 30.7 
WNBUsmall_18a 232.6416 2.09% 0.0458 4.19% 27.7 0.6 0.0 85.2 
WNBUsmall_19a 91.3262 1.32% 0.0475 1.71% 70.2 0.9 74.7 40.0 
WNBUsmall_1a 83.0571 2.45% 0.0478 2.98% 77.2 1.9 89.7 69.1 
WNBUsmall_20a 94.9323 2.02% 0.0490 4.14% 67.6 1.4 147.7 94.2 
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sample 238U 1 sigma 207Pb 1 sigma 206/238 1 sigma 207/206 1 sigma 
name 206Pb % error 206Pb % error age abs err age abs err 
WNBUsmall_21a 3.8977 1.11% 0.0967 0.96% 1472.2 14.6 1560.8 18.0 
WNBUsmall_23a 92.0049 1.32% 0.0476 1.96% 69.7 0.9 77.0 46.0 
WNBUsmall_27a 86.3414 1.54% 0.0476 2.69% 74.2 1.1 78.0 62.7 
WNBUsmall_28a 92.5138 1.05% 0.0473 1.73% 69.3 0.7 64.5 40.7 
WNBUsmall_2a 93.0972 2.16% 0.0469 2.32% 68.9 1.5 42.0 54.6 
WNBUsmall_31a 92.6934 1.01% 0.0469 1.55% 69.2 0.7 44.8 36.6 
WNBUsmall_33a 95.0017 1.22% 0.0479 1.50% 67.5 0.8 96.1 35.1 
WNBUsmall_34a 90.6309 1.65% 0.0479 2.76% 70.7 1.2 92.8 64.0 
WNBUsmall_35a 87.6003 3.00% 0.0485 3.08% 73.2 2.2 122.8 71.0 
WNBUsmall_36a 93.7793 2.03% 0.0486 3.23% 68.4 1.4 127.1 74.2 
WNBUsmall_39a 88.1965 1.78% 0.0486 2.49% 72.7 1.3 127.4 57.7 
WNBUsmall_3a 88.1924 3.16% 0.0479 2.74% 72.7 2.3 94.4 63.7 
WNBUsmall_6a 91.8290 5.70% 0.0473 3.03% 69.8 4.0 62.4 70.6 
WNBUsmall_7a 93.0604 1.28% 0.0473 1.03% 68.9 0.9 65.5 24.4 
WNBUsmall_9a 4.0099 1.16% 0.0903 0.66% 1435.3 14.9 1431.8 12.6 
           
Discordant          
WNBUlarge_1a 97.1009 2.97% 0.0522 3.07% 66.0 2.0 293.5 68.6 
WNBUlarge_31a 88.9686 2.56% 0.0494 2.72% 72.1 1.8 165.0 62.4 
WNBUlarge_38a 3.6862 3.62% 0.1068 2.22% 1547.3 49.6 1744.9 40.1 
WNBUlarge_49a 85.9445 2.05% 0.0491 3.17% 74.6 1.5 153.1 72.6 
WNBUlarge_52a 4.3842 1.69% 0.1063 2.08% 1324.5 20.2 1736.7 37.7 
WNBUlarge_55a 91.3239 2.67% 0.0502 2.79% 70.2 1.9 206.0 63.4 
WNBUlarge_59a 2.5082 2.51% 0.1596 2.12% 2163.0 46.0 2451.7 35.4 
WNBUpuck4_18a 87.7280 2.68% 0.0499 2.32% 73.1 1.9 188.5 53.0 
WNBUpuck4_20a 96.8830 2.83% 0.0511 2.45% 66.2 1.9 244.9 55.4 
WNBUpuck4_23a 89.8631 3.11% 0.0460 2.47% 71.3 2.2 2.4 55.5 
WNBUpuck4_25a 89.5213 2.59% 0.0492 0.96% 71.6 1.8 159.2 22.4 
WNBUpuck4_27a 3.9274 2.56% 0.1060 0.70% 1462.3 33.4 1730.9 12.8 
WNBUpuck4_29a 92.0332 2.74% 0.0460 1.82% 69.7 1.9 0.4 39.0 
WNBUpuck4_32a 95.8740 1.24% 0.0460 2.34% 66.9 0.8 2.9 50.0 
WNBUpuck4_34a 97.0506 0.91% 0.0464 1.33% 66.1 0.6 17.3 31.5 
WNBUpuck4_40a 93.6198 1.95% 0.0447 3.33% 68.5 1.3 0.0 9.5 
WNBUpuck4_4a 104.2452 1.25% 0.0451 2.16% 61.5 0.8 0.0 4.5 
WNBUpuck4_7a 84.7303 1.53% 0.0500 2.16% 75.6 1.2 196.5 49.5 
WNBUpuck4_8a 86.8787 1.37% 0.0463 1.62% 73.8 1.0 15.2 38.2 
WNBUsmall_17a 88.3380 1.32% 0.0494 1.65% 72.6 0.9 165.2 38.0 
WNBUsmall_24a 96.2194 1.54% 0.0533 2.63% 66.7 1.0 341.0 58.5 
WNBUsmall_25a 91.3903 1.52% 0.0489 1.94% 70.2 1.1 143.6 44.9 
WNBUsmall_30a 113.4535 1.07% 0.0492 1.52% 56.6 0.6 157.3 35.2 
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sample 238U 1 sigma 207Pb 1 sigma 206/238 1 sigma 207/206 1 sigma 
name 206Pb % error 206Pb % error age abs err age abs err 
WNBUsmall_35b 82.2436 4.58% 0.0537 3.55% 77.9 3.5 357.2 78.2 
WNBUsmall_37a 88.4050 2.16% 0.0580 2.91% 72.5 1.6 529.3 62.6 
WNBUsmall_38a 90.0671 1.67% 0.0491 2.72% 71.2 1.2 151.9 62.4 
WNBUsmall_4a 93.5899 2.09% 0.0492 2.42% 68.5 1.4 157.7 55.7 
           
206/207 only          
WNBUlarge_11a 4.0039 3.15% 0.1076 2.22% 1437.2 40.5 1758.7 40.0 
WNBUlarge_13a 3.1439 4.23% 0.1043 2.20% 1780.3 65.5 1702.8 39.9 
WNBUlarge_18a 3.2049 3.22% 0.1330 2.23% 1750.6 49.2 2138.5 38.4 
WNBUlarge_19a 3.4773 3.18% 0.1073 2.19% 1629.4 45.6 1754.0 39.5 
WNBUlarge_27a 3.2041 2.84% 0.1052 2.22% 1751.1 43.5 1717.1 40.3 
WNBUlarge_5b 49.4673 19.63% 0.1047 2.79% 129.0 25.0 1708.3 50.6 
WNBUpuck4_10a 25.0867 1.49% 0.0916 1.20% 252.0 3.7 1459.7 22.7 
WNBUpuck4_9a -32.4631 38.21% 0.1568 1.04% -201.7 -78.8 2421.8 17.6 
WNBUsmall_26a 6.2136 1.46% 0.0894 0.97% 962.0 13.1 1413.2 18.4 
WNBUsmall_32a 5.7062 1.24% 0.1034 0.88% 1041.0 11.9 1686.3 16.1 
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sample 238U 1 sigma 207Pb 1 sigma 206/238 1 sigma 207/206 1 sigma
name 206Pb % error 206Pb % error age abs err age abs err 
WISDOM WEST         
Concordant      
WWpuck4_4a 548.2845 3.22% 0.0434 8.18% 11.7 0.4 0.0 48.6 
WWsmall_83a 532.4796 5.23% 0.0476 4.76% 12.1 0.6 77.0 109.3 
WWpuck4_36a 132.1022 1.27% 0.0471 1.47% 48.6 0.6 55.8 34.7 
WWsmall_70a 130.5831 2.01% 0.0469 1.48% 49.2 1.0 44.1 35.1 
WWpuck4_33a 129.9031 1.90% 0.0476 1.54% 49.4 0.9 81.0 36.0 
WWsmall_52a 127.8215 1.87% 0.0478 1.61% 50.2 0.9 87.4 37.8 
WWsmall_56a 126.8019 0.89% 0.0470 1.07% 50.6 0.4 49.5 25.3 
WWpuck4_1a 125.2642 1.47% 0.0473 1.21% 51.3 0.7 64.3 28.6 
WWsmall_12a 125.1017 1.87% 0.0474 2.99% 51.3 1.0 71.2 69.6 
WWlarge_4a 124.5418 1.51% 0.0470 1.47% 51.6 0.8 49.1 34.7 
WWsmall_11a 124.3087 1.73% 0.0480 2.02% 51.7 0.9 98.0 47.2 
WWpuck4_14a 123.4568 1.01% 0.0472 1.17% 52.0 0.5 58.8 27.6 
WWpuck4_2a 121.8530 1.44% 0.0470 1.08% 52.7 0.8 50.4 25.6 
WWsmall_13a 121.7719 1.47% 0.0466 1.48% 52.7 0.8 31.0 34.8 
WWsmall_81a 120.7370 4.60% 0.0473 1.36% 53.2 2.4 65.1 32.2 
WWsmall_35a 114.1317 1.58% 0.0469 1.28% 56.2 0.9 41.1 33.8 
WWsmall_48a 111.0966 1.84% 0.0472 1.43% 57.8 1.1 61.5 33.8 
WWpuck4_24a 110.9810 2.19% 0.0475 0.96% 57.8 1.3 72.3 22.7 
WWsmall_67a 110.0224 3.08% 0.0449 5.44% 58.3 1.8 0.0 64.7 
WWsmall_29a 108.6628 0.77% 0.0469 1.17% 59.1 0.5 43.9 27.7 
WWsmall_49a 105.8578 1.85% 0.0479 1.23% 60.6 1.1 96.1 28.9 
WWpuck4_20a 103.0678 2.22% 0.0474 1.09% 62.2 1.4 70.0 25.8 
WWsmall_43a 102.8604 1.96% 0.0475 0.78% 62.4 1.2 73.9 18.4 
WWpuck4_19a 102.3220 2.25% 0.0477 1.18% 62.7 1.4 83.1 27.7 
WWsmall_85a 101.5898 4.55% 0.0474 1.04% 63.1 2.9 71.1 24.5 
WWsmall_63a 99.7058 1.99% 0.0474 1.25% 64.3 1.3 67.3 29.5 
WWpuck4_12a 98.9590 1.03% 0.0476 0.86% 64.8 0.7 78.4 20.3 
WWpuck4_11a 98.0319 1.15% 0.0482 1.81% 65.4 0.7 107.5 42.1 
WWpuck4_5a 96.7627 1.67% 0.0481 1.89% 66.3 1.1 105.9 44.0 
WWsmall_37a 96.2111 1.72% 0.0469 1.99% 66.7 1.1 43.7 46.8 
WWsmall_80a 95.8970 4.64% 0.0474 2.53% 66.9 3.1 67.5 59.2 
WWsmall_54a 95.7305 1.75% 0.0474 1.08% 67.0 1.2 68.3 25.6 
WWpuck4_28a 95.0099 4.75% 0.0436 17.15% 67.5 3.2 0.0 241.7 
WWpuck4_31a 94.4983 2.13% 0.0474 2.31% 67.9 1.4 70.0 54.0 
WWsmall_59a 94.4503 1.22% 0.0474 1.51% 67.9 0.8 70.7 35.6 
WWsmall_40a 93.8644 1.75% 0.0475 1.92% 68.3 1.2 74.6 45.1 
WWpuck4_44a 93.1195 1.35% 0.0474 1.86% 68.9 0.9 68.7 43.6 
WWsmall_30a 93.0487 0.89% 0.0473 1.70% 68.9 0.6 66.2 39.9 
WWpuck4_10a 92.9500 1.17% 0.0472 1.55% 69.0 0.8 57.8 36.5 
WWsmall_51b 92.5618 1.83% 0.0471 1.59% 69.3 1.3 55.6 37.5 
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sample 238U 1 sigma 207Pb 1 sigma 206/238 1 sigma 207/206 1 sigma
name 206Pb % error 206Pb % error age abs err age abs err 
WWpuck4_27a 91.7413 1.93% 0.0476 1.50% 69.9 1.3 79.8 35.2 
WWsmall_24a 91.2463 1.27% 0.0480 1.21% 70.3 0.9 98.2 28.3 
WWsmall_36a 91.2387 1.47% 0.0478 1.09% 70.3 1.0 87.4 25.6 
WWsmall_73a 91.1500 2.55% 0.0488 2.40% 70.3 1.8 138.7 55.3 
WWsmall_86a 89.2311 4.58% 0.0476 1.53% 71.8 3.3 80.0 35.9 
WWpuck4_23a 88.8654 2.26% 0.0481 1.69% 72.1 1.6 101.7 39.4 
WWpuck4_30a 87.2622 1.86% 0.0479 1.27% 73.5 1.4 96.8 29.9 
WWsmall_16a 86.7288 1.62% 0.0475 1.98% 73.9 1.2 74.5 46.4 
WWpuck4_13a 84.6593 1.11% 0.0473 0.98% 75.7 0.8 64.2 23.1 
WWpuck4_6a 81.4915 1.42% 0.0482 1.47% 78.6 1.1 108.0 34.3 
WWsmall_53b 4.4510 1.75% 0.0908 0.39% 1306.5 20.6 1442.4 7.4 
WWpuck4_34a 4.2891 1.84% 0.0927 0.65% 1351.0 22.3 1482.8 12.3 
WWsmall_44a 3.6345 1.97% 0.1051 0.47% 1566.8 27.4 1715.4 8.7 
WWsmall_57a 3.5849 0.88% 0.1004 0.42% 1586.1 12.4 1631.4 7.8 
WWsmall_41c 3.5747 1.44% 0.1044 0.59% 1590.1 20.2 1703.9 10.9 
WWsmall_69a 3.5477 1.93% 0.1049 0.51% 1600.8 27.3 1712.0 9.4 
WWsmall_33a 3.4963 0.57% 0.1041 0.50% 1621.6 8.1 1697.6 9.2 
WWsmall_3a 3.3647 2.11% 0.1051 0.72% 1677.4 31.2 1716.8 13.1 
WWpuck4_26a 3.3497 1.83% 0.1096 0.58% 1684.0 27.1 1792.1 10.5 
WWsmall_20b 3.3118 1.20% 0.1051 0.64% 1701.0 17.9 1716.3 11.7 
WWsmall_14a 3.2284 1.25% 0.1053 0.65% 1739.5 19.1 1720.4 11.9 
WWpuck4_21a 3.2100 2.19% 0.1134 0.58% 1748.2 33.4 1854.4 10.5 
WWsmall_64b 3.0928 1.91% 0.1143 0.45% 1806.0 30.0 1868.2 8.2 
WWsmall_66a 3.0856 1.89% 0.1145 0.45% 1809.7 29.7 1871.6 8.0 
WWsmall_64a 3.0690 1.93% 0.1141 0.47% 1818.2 30.5 1865.8 8.4 
WWsmall_68a 2.1927 1.91% 0.1749 0.45% 2422.1 38.4 2605.0 7.5 
WWsmall_90a 2.0632 3.35% 0.1840 0.52% 2547.6 70.2 2689.0 8.5 
         
Discordant         
WWpuck4_8a 594.9083 3.48% 0.0572 8.06% 10.8 0.4 499.8 168.4 
WWpuck4_9a 568.9733 3.49% 0.0345 13.91% 11.3 0.4 0.0 0.0 
WWsmall_87a 135.4607 3.55% 0.0509 2.03% 47.4 1.7 234.3 46.2 
WWsmall_71a 133.9963 2.42% 0.0479 1.51% 47.9 1.2 94.1 35.3 
WWsmall_32a 132.6012 0.75% 0.0460 1.22% 48.4 0.4 1.2 23.5 
WWsmall_39b 131.2373 1.71% 0.0490 1.68% 48.9 0.8 147.7 38.8 
WWpuck4_42a 128.2969 1.31% 0.0462 1.86% 50.1 0.7 12.4 40.2 
WWpuck4_29a 127.4955 1.89% 0.0525 1.44% 50.4 0.9 308.7 32.6 
WWlarge_5a 123.5167 1.65% 0.0480 1.95% 52.0 0.9 99.4 45.4 
WWpuck4_15a 120.5414 1.10% 0.0707 1.22% 53.3 0.6 948.9 24.8 
WWsmall_75a 114.8840 2.90% 0.0412 4.19% 55.9 1.6 0.0 0.0 
WWsmall_79a 111.5843 4.66% 0.0502 1.99% 57.5 2.7 202.0 45.5 
WWpuck4_3a 111.4947 1.44% 0.0487 1.23% 57.6 0.8 132.4 28.7 
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sample 238U 1 sigma 207Pb 1 sigma 206/238 1 sigma 207/206 1 sigma
name 206Pb % error 206Pb % error age abs err age abs err 
WWsmall_50a 106.2258 1.87% 0.0501 1.33% 60.4 1.1 199.3 30.5 
WWsmall_25a 104.3268 0.81% 0.0466 1.05% 61.5 0.5 27.6 24.8 
WWsmall_6a 103.6946 1.82% 0.0489 1.49% 61.9 1.1 142.4 34.7 
WWpuck4_37a 103.3250 1.39% 0.0460 1.34% 62.1 0.9 0.0 29.3 
WWsmall_61b 103.2124 1.76% 0.0519 1.68% 62.2 1.1 280.4 38.0 
WWlarge_3a 101.9487 2.99% 0.0535 5.76% 62.9 1.9 350.5 125.2 
WWsmall_34a 100.8727 1.81% 0.0429 3.93% 63.6 1.1 0.0 0.0 
WWsmall_46a 100.2525 2.06% 0.0481 1.63% 64.0 1.3 106.5 38.1 
WWpuck4_16a 98.8679 2.29% 0.0494 1.42% 64.9 1.5 165.5 32.8 
WWsmall_42a 98.7311 2.04% 0.0481 1.33% 65.0 1.3 102.5 31.1 
WWpuck4_7a 98.0759 1.05% 0.0462 1.21% 65.4 0.7 9.8 28.5 
WWsmall_45a 97.7416 2.20% 0.0497 1.45% 65.6 1.4 182.9 33.5 
WWsmall_18a 94.7141 1.19% 0.0498 1.00% 67.7 0.8 185.0 23.0 
WWpuck4_43a 92.4372 1.71% 0.0499 1.69% 69.4 1.2 192.1 38.8 
WWlarge_2b 92.0797 1.87% 0.0489 1.52% 69.6 1.3 142.1 35.4 
WWsmall_55a 91.6775 1.39% 0.0493 2.14% 69.9 1.0 162.8 49.2 
WWsmall_4a 90.5440 2.04% 0.0485 1.09% 70.8 1.4 122.9 25.4 
WWsmall_10a 87.7278 1.49% 0.0487 1.60% 73.1 1.1 135.4 37.3 
WWsmall_74a 4.3446 2.36% 0.0966 0.59% 1335.4 28.3 1559.3 11.1 
         
206/207 only         
WWpuck4_35a 44.0809 2.69% 0.0823 0.75% 144.6 3.8 1252.1 14.6 
WWsmall_82b 18.4367 4.70% 0.0839 0.69% 340.5 15.6 1289.1 13.4 
WWpuck4_18a 18.1787 2.27% 0.0849 0.56% 345.2 7.6 1314.2 10.9 
WWpuck4_39a 40.3215 2.49% 0.0900 0.62% 157.9 3.9 1426.3 11.8 
WWpuck4_17a 30.5759 2.80% 0.0930 0.62% 207.5 5.7 1487.9 11.6 
WWpuck4_38a 28.2365 1.34% 0.0931 0.81% 224.4 3.0 1489.5 15.2 
WWsmall_84a 9.5304 4.59% 0.0969 0.57% 643.2 28.0 1565.6 10.7 
WWsmall_5a 7.6120 1.99% 0.0970 0.85% 795.7 14.9 1567.9 15.8 
WWsmall_89a 4.3146 3.70% 0.0981 0.69% 1343.8 44.8 1588.6 12.9 
WWsmall_9b 3.9634 1.53% 0.0987 1.15% 1450.4 19.8 1599.6 21.3 
WWsmall_9c 3.6199 1.65% 0.0990 1.13% 1572.4 23.0 1605.4 20.9 
WWsmall_76b 7.3786 2.38% 0.1009 0.52% 819.3 18.2 1640.1 9.6 
WWsmall_26a 5.9873 0.71% 0.1020 0.58% 995.7 6.5 1661.6 10.6 
WWsmall_38a 2.9901 1.57% 0.1034 0.57% 1859.8 25.2 1686.9 10.5 
WWpuck4_32a 4.1948 2.00% 0.1042 0.61% 1378.3 24.8 1699.5 11.3 
WWsmall_78a 3.6924 2.38% 0.1083 0.52% 1545.0 32.6 1770.5 9.5 
WWsmall_23b 7.6905 1.55% 0.1087 0.85% 788.0 11.5 1777.6 15.5 
WWsmall_77a 38.0379 2.50% 0.1157 0.72% 167.3 4.1 1891.4 12.9 
WWpuck4_25a 14.3288 2.36% 0.1370 0.73% 434.9 9.9 2189.2 12.7 
WWsmall_88a 3.1884 3.37% 0.1685 0.53% 1758.6 51.7 2542.3 8.9 
WWsmall_1a 3.5978 2.58% 0.2611 0.71% 1581.0 36.0 3253.1 11.2 
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sample 238U 1 sigma 207Pb 1 sigma 206/238 1 sigma 207/206 1 sigma 
name 206Pb % error 206Pb % error age abs err age abs err 
YELLOWBANK          
Concordant                 
Yellowbank_34a 94.9785 1.32% 0.0470 2.31% 67.5 0.9 49.4 54.2 
Yellowbank_9a 93.7079 2.34% 0.0475 2.55% 68.4 1.6 72.4 59.6 
Yellowbank_12b 93.6974 2.15% 0.0473 1.72% 68.4 1.5 65.5 40.5 
Yellowbank_35a 91.8591 1.75% 0.0485 3.13% 69.8 1.2 125.3 72.0 
Yellowbank_1a 85.3596 3.49% 0.0478 1.13% 75.1 2.6 89.7 26.5 
Yellowbank_36a 12.6782 0.80% 0.0586 0.72% 489.4 3.8 551.6 15.5 
Yellowbank_29b 4.2286 0.94% 0.0907 1.07% 1368.4 11.5 1439.8 20.3 
Yellowbank_24a 3.4798 1.71% 0.1098 0.83% 1628.4 24.5 1795.3 15.0 
Yellowbank_20a 3.2529 1.27% 0.1114 0.51% 1728.0 19.2 1821.7 9.3 
Yellowbank_22a 3.1317 1.29% 0.1098 0.47% 1786.4 20.1 1796.1 8.5 
Yellowbank_27a 2.1754 0.73% 0.1841 0.73% 2438.2 14.8 2690.5 12.1 
Yellowbank_28a 2.1560 0.76% 0.1604 0.72% 2456.4 15.5 2459.9 12.2 
Yellowbank_26a 2.0799 1.01% 0.1611 0.75% 2530.7 21.0 2466.8 12.6 
Yellowbank_6a 2.0048 3.41% 0.1847 0.65% 2608.6 72.8 2695.8 10.6 
           
Discordant          
Yellowbank_37a 96.6586 1.60% 0.0489 2.55% 66.3 1.1 142.9 58.9 
Yellowbank_14a 92.5293 2.24% 0.0493 1.93% 69.3 1.5 162.4 44.6 
Yellowbank_10a 90.1026 2.07% 0.0498 1.17% 71.2 1.5 185.6 26.9 
Yellowbank_40a 90.0504 1.20% 0.0511 1.82% 71.2 0.9 246.0 41.3 
Yellowbank_7a 89.5118 2.30% 0.0524 2.20% 71.6 1.6 300.8 49.4 
Yellowbank_33a 89.3824 1.98% 0.0508 4.96% 71.7 1.4 232.1 110.7 
Yellowbank_23a 87.2521 1.90% 0.0459 2.73% 73.5 1.4 2.5 54.6 
Yellowbank_13a 87.2366 2.63% 0.0473 3.49% 73.5 1.9 62.7 81.1 
Yellowbank_8a 80.8654 2.16% 0.0501 0.90% 79.2 1.7 199.8 20.7 
Yellowbank_15a 80.4179 2.39% 0.0639 3.84% 79.7 1.9 0.0 818.7 
Yellowbank_5a 66.2722 3.70% 0.0479 3.23% 96.5 3.5 94.5 74.7 
           
206/207 only          
Yellowbank_39a 6.7050 0.89% 0.1048 0.55% 896.2 7.4 1711.3 10.0 
Yellowbank_19a 3.9362 1.39% 0.1084 0.42% 1459.3 18.2 1772.3 7.7 
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sample 238U 1 sigma 207Pb 1 sigma 206/238 1 sigma 207/206 1 sigma 
name 206Pb % error 206Pb % error age abs err age abs err 
CLIFFORD CREEK 
GRANITE         
Concordant                 
Clifford_6a 94.3382 1.99% 0.0466 2.61% 68.0 1.3 31.4 61.2 
Clifford_9a 93.9699 2.67% 0.0486 3.18% 68.2 1.8 130.1 73.2 
Clifford_16b 86.5561 1.97% 0.0488 2.77% 74.0 1.4 139.0 63.8 
Clifford_1a 77.8587 2.40% 0.0475 3.37% 82.3 2.0 76.2 78.2 
           
Discordant          
Clifford_12a 99.4055 2.12% 0.0511 0.88% 64.5 1.4 246.7 20.2 
Clifford_10a 89.1775 2.35% 0.0494 2.43% 71.9 1.7 166.5 55.8 
Clifford_13a 82.4529 2.32% 0.0518 2.11% 77.7 1.8 276.1 47.6 
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sample 238U 1 sigma 207Pb 1 sigma 206/238 1 sigma 207/206 1 sigma 
name 206Pb % error 206Pb % error age abs err age abs err 
NICHOLS 
GRANODIORITE         
Concordant                 
Nichols_7a 91.3394 1.60% 0.0473 2.78% 70.2 1.1 64.6 64.9 
Nichols_6a 89.5028 1.47% 0.0465 2.06% 71.6 1.0 22.9 48.6 
Nichols_4a 84.9178 1.46% 0.0482 2.21% 75.5 1.1 111.1 51.3 
           
Discordant          
Nichols_2a 93.2761 1.12% 0.0465 1.75% 68.7 0.8 24.7 41.3 
Nichols_9a 89.9836 1.02% 0.0511 1.46% 71.2 0.7 244.8 33.3 
Nichols_8a 89.9922 1.08% 0.0460 1.65% 71.2 0.8 1.1 37.1 
Nichols_1a 86.5306 1.38% 0.0490 2.13% 74.1 1.0 148.8 49.2 
Nichols_3a 85.3118 1.27% 0.0520 2.03% 75.1 0.9 285.4 45.8 
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Summary of combined concordant and discordant dates.  Compare to graphs of 
concordant-only dates (next image). 
 111
 
 
 112
Appendix B – TIMS data 
 
   Radiogenic Isotope Ratios Isotopic Ages 
  Th 206Pb* mol % Pb* Pbc 
206Pb 208Pb 207Pb  207Pb  206Pb  corr. 207Pb  207Pb  206Pb  
Sample 
U x10-13 
mol 206Pb* Pbc 
(pg) 204Pb 206Pb 206Pb % err 235U % err 238U % err coef. 206Pb ±  235U ±  238U ±  
(a) (b) (c) (c) (c) (c) (d) (e) (e) (f) (e) (f) (e) (f)   (g) (f) (g) (f) (g) (f) 
                     
Yellowbank                    
z1 0.703 0.5740 98.50% 21 0.72 1236 0.227 0.046759 0.458 0.030179 0.487 0.004681 0.037 0.794 36.9 11.0 30.19 0.14 30.11 0.01 
z2 0.527 0.4195 99.02% 31 0.34 1903 0.171 0.047047 0.320 0.030270 0.343 0.004666 0.026 0.923 51.6 7.6 30.28 0.10 30.01 0.01 
z4 0.511 0.7424 99.31% 44 0.42 2713 0.165 0.046782 0.260 0.030184 0.273 0.004679 0.038 0.427 38.1 6.2 30.19 0.08 30.10 0.01 
z5 0.606 0.2737 98.16% 17 0.42 1011 0.198 0.047344 0.616 0.030427 0.656 0.004661 0.051 0.805 66.6 14.6 30.43 0.20 29.98 0.02 
z6 0.617 0.2098 95.59% 7 0.80 421 0.201 0.047130 1.378 0.030288 1.460 0.004661 0.089 0.930 55.8 32.8 30.30 0.44 29.98 0.03 
z7* 0.556 0.1403 95.96% 7 0.49 461 0.184 0.048103 1.382 0.030839 1.469 0.004650 0.094 0.940 104.3 32.6 30.84 0.45 29.91 0.03 
z8* 0.770 0.1830 98.13% 17 0.29 996 0.251 0.047241 0.722 0.030291 0.771 0.004650 0.051 0.970 61.4 17.2 30.30 0.23 29.91 0.02 
z9* 0.608 0.1462 96.92% 10 0.38 603 0.199 0.047474 1.070 0.030460 1.139 0.004653 0.073 0.947 73.1 25.4 30.47 0.34 29.93 0.02 
z10 0.573 0.1568 96.96% 10 0.40 611 0.188 0.047561 1.099 0.030551 1.168 0.004659 0.080 0.874 77.5 26.1 30.56 0.35 29.96 0.02 
z11* 0.715 0.2568 97.51% 13 0.54 748 0.232 0.047016 0.827 0.030175 0.876 0.004655 0.068 0.753 50.0 19.7 30.19 0.26 29.94 0.02 
                     
French Creek                    
z1* 0.653 0.2598 98.38% 19 0.35 1148 0.213 0.047292 0.615 0.030008 0.654 0.004602 0.059 0.683 64.0 14.6 30.02 0.19 29.60 0.02 
z2 0.469 0.7784 99.40% 50 0.38 3117 0.151 0.047710 0.200 0.075328 0.214 0.011451 0.029 0.541 84.9 4.7 73.74 0.15 73.40 0.02 
z3 0.788 0.1117 95.75% 7 0.41 438 0.258 0.047506 1.450 0.030540 1.541 0.004663 0.097 0.945 74.7 34.4 30.55 0.46 29.99 0.03 
z4* 0.600 0.2278 97.77% 14 0.43 833 0.196 0.047268 0.734 0.029995 0.782 0.004602 0.049 0.966 62.8 17.5 30.01 0.23 29.60 0.01 
z5* 0.976 0.1673 96.76% 10 0.46 573 0.321 0.047673 1.050 0.030258 1.118 0.004603 0.059 1.138 83.1 24.9 30.27 0.33 29.61 0.02 
z6 0.908 0.1138 95.56% 7 0.43 419 0.292 0.047779 1.582 0.078604 1.686 0.011932 0.172 0.636 88.3 37.5 76.83 1.25 76.46 0.13 
z8* 0.955 0.1441 95.98% 8 0.50 463 0.313 0.047569 1.324 0.030162 1.406 0.004599 0.091 0.904 77.9 31.4 30.17 0.42 29.58 0.03 
z9 0.616 0.1089 94.69% 6 0.50 350 0.202 0.047547 1.911 0.030103 2.026 0.004592 0.130 0.890 76.8 45.4 30.11 0.60 29.53 0.04 
z10* 0.627 0.1049 94.28% 5 0.52 325 0.209 0.048243 2.030 0.030586 2.152 0.004598 0.135 0.911 111.2 47.9 30.59 0.65 29.57 0.04 
z11* 0.604 0.0813 90.13% 3 0.73 188 0.195 0.046870 3.425 0.029721 3.606 0.004599 0.205 0.886 42.6 81.8 29.74 1.06 29.58 0.06 
                     
Jackson N                    
z1* 0.501 0.0643 95.13% 6 0.27 382 0.168 0.048583 1.915 0.027242 2.040 0.004067 0.127 0.986 127.8 45.0 27.29 0.55 26.16 0.03 
z2 0.593 0.0403 90.81% 3 0.34 202 0.199 0.048579 3.669 0.027544 3.871 0.004112 0.229 0.891 127.6 86.2 27.59 1.05 26.45 0.06 
z3* 0.646 0.0906 96.69% 9 0.25 563 0.214 0.047993 1.381 0.026918 1.474 0.004068 0.093 0.990 98.9 32.6 26.97 0.39 26.17 0.02 
z4 0.901 0.1496 97.15% 11 0.36 652 0.295 0.047368 0.960 0.026612 1.022 0.004075 0.064 0.967 67.8 22.8 26.67 0.27 26.21 0.02 
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z5 0.650 0.2419 97.77% 14 0.45 834 0.212 0.047215 0.730 0.026541 0.775 0.004077 0.054 0.854 60.1 17.4 26.60 0.20 26.23 0.01 
z6a* 0.451 0.0325 86.55% 2 0.42 138 0.159 0.051025 6.677 0.028548 6.900 0.004058 0.282 0.799 242.0 153.7 28.58 1.94 26.11 0.07 
z6b* 0.477 0.0339 89.62% 3 0.32 179 0.165 0.049917 4.471 0.027935 4.699 0.004059 0.264 0.869 191.1 103.8 27.98 1.30 26.11 0.07 
z7 0.741 0.2297 98.18% 17 0.35 1023 0.241 0.047073 0.662 0.026468 0.704 0.004078 0.048 0.891 52.9 15.8 26.53 0.18 26.23 0.01 
                     
Wisdom N                    
z1b 0.415 0.2869 98.73% 23 0.30 1467 0.134 0.047795 0.553 0.075151 0.591 0.011404 0.055 0.714 89.1 13.1 73.58 0.42 73.10 0.04 
z2 0.351 0.2722 98.51% 19 0.34 1252 0.113 0.047710 0.588 0.075019 0.637 0.011404 0.101 0.542 84.9 13.9 73.45 0.45 73.10 0.07 
z3 0.377 0.3894 99.16% 35 0.27 2214 0.122 0.047771 0.316 0.072549 0.339 0.011014 0.036 0.671 88.0 7.5 71.12 0.23 70.62 0.03 
z4 0.374 0.2862 98.61% 21 0.33 1339 0.122 0.048436 0.474 0.073128 0.508 0.010950 0.039 0.869 120.6 11.2 71.66 0.35 70.20 0.03 
z5 0.266 0.1166 93.86% 4 0.63 303 0.088 0.048913 2.079 0.076350 2.204 0.011321 0.165 0.771 143.7 48.8 74.71 1.59 72.57 0.12 
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Appendix C – clast counts at Wisdom West and Wisdom North #1 
Clasts counts were performed at two outcrops as a preliminary screen for detrital zircon 
analysis.  Clast populations varied significantly from detrital zircons, suggesting granitic 
clasts were more susceptible to weathering than clasts of quartzite. 
 
Wisdom N #1 @ 7.8m (n=250)
96%
2%
1%
1%
quartzite
vein quartz
indistinct
granitic
chert(?)
 
Wisdom West @ 11m (n=234)
86%
3%
9%
2%
quartzite
vein quartz
indistinct
granitic
volcanic
 
Wisdom N #1 @ 9.4m (n=240)
97%
2% 0%
0%
1%
quartzite
vein quartz
1-mica granite
2-mica granite
indistinct
granitic
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Appendix D – suggestions for future research 
High-resolution U-Pb geochronology on 2-mica plutons in the Anaconda and 
Flint Creek ranges would shed light on paleodrainages sourced in these areas.  Because of 
the likely overlap in ages between the various plutons, combining hafnium isotope 
analysis with U-Pb dating may be useful in “fingerprinting” plutons’ signatures in 
Cenozoic detrital deposits.  Some K-Ar cooling dates from the northern footwall of the 
Anaconda MCC (Flint Creek Range) may be slightly older than those exposed toward the 
southern end (Chief Joseph pluton in the Anaconda Range), suggesting a different history 
of footwall uplift and possibly emplacement age.  Detailed mapping across the Anaconda 
MCC, combined with 40Ar/39Ar, zircon fission-track, apatite fission-track, and U-Th/He 
dates should provide an uplift and/or exhumation history of the footwall.  This could be 
combined with 40Ar/39Ar dating of detrital muscovite, which, in this region of extensive 
Late Cretaceous magmatism but apparently limited muscovite sources, may prove more 
useful than detrital zircon U-Pb geochronology. 
In the Big Hole basin, obtaining extant seismic data would go far in understanding 
the basin structure and changes in bedding attitude.  Without seismic, a more 
sophisticated analysis of magnetic and Bouguer gravity anomalies may better resolve 
both shallow and deep features in the basin.  Additionally, finding original core samples 
from the exploration wells may allow a detailed look at changes depositional 
environments and structure through time. 
Little has been published on the plutons in the West Pioneers and it is unknown 
whether they are simply the western extent of those found in the East Pioneers or 
comprise their own suite of intrusives.  Mapping and radiometric dating may offer a 
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simple way to complete this picture.  Last, the uplift/exhumation history of the East 
Pioneers could be more directly measured via thermochronological methods suggested 
for the Anaconda MCC footwall.  One could relate uplift/exhumation models to Sevier 
compressional features, a single episode of Cenozoic deformation, or multiple or long-
lived episodes of Cenozoic deformation.  An interesting comparison could be made 
between rocks exposed along the eastern range-front and those in the Big Hole gorge 
between the towns of Wise River and Divide, with implications for the development of 
what appears to be a geomorphically young gorge. 
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Appendix E – GPS coordinates of outcrops 
 
Name Longitude Latitude 
French Creek -113.07206576600 45.94594281900 
Yellowbank -113.04646834900 45.66829890400 
Gold Creek -113.08169554900 45.61572686000 
Wisdom West -113.52811807300 45.62998945300 
Wisdom North -113.43780598200 45.65195246900 
Big Hole South -113.35967141300 45.34129045400 
Rob's Outcrop -113.31957972800 45.31589434500 
Nichols granodiorite -113.29015627400 45.82189447000 
Clifford Creek granite -113.01159365300 45.68144657800 
Jackson North -113.44713995700 45.43871867400 
Chalk Bluff -113.30330599800 45.82688509400 
 
 
